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Volume 6, Issue 1 of the Journal of South Carolina 
Resources (JSCWR) includes seven articles. In addition to 
a short communication presenting eco-hydrologic studies 
based on long-term monitoring in the southern part of the 
state at the USDA Forest Service Santee Experimental Forest, 
the other articles are based on large-scale water research for 
two major South Carolina river basins and the state water 
planning process.
The first two articles focus on the Savannah River basin, 
one assessing diurnal variation in surface temperature among 
the five major lakes, and the other presenting methods for 
reporting head of tide. Another two articles address the 2018 
flooding from Hurricane Florence in the Pee Dee basin; a 
short communication examining data from U.S. Geological 
Survey gauges to explain flooding behavior and the other 
a special case study assessing antecedent conditions and 
resulting meteorological and hydrological impacts. The 
final short communication articles focus on the state water 
planning process; one providing a general overview of the 
river basin planning framework and the other describing 
stakeholder inclusion. 
Over the past year, there have been notable contributions 
and efforts in support of assessing and managing South 
Carolina’s water resources. There is a growing need for public 
access to monitoring applications that retrieve data for a 
specific location and measurement interval of interest, and 
two new online tools were introduced. USGS developed the 
Coastal Salinity Index (CSI) in partnership with Carolinas 
Integrated Sciences and Assessments (CISA). The CSI is 
an online tool to monitor drought and changing salinity 
conditions in coastal areas. Additionally, for monitoring 
hydroclimate extremes, CISA created the Carolinas 
Precipitation Patterns & Probabilities Atlas. This resource 
uses maps, graphs, and other visuals to show various 
measures of rainfall and drought over the past 120 years.
There were also a variety of initiatives to address 
guidance and structure for water resource planning, as well 
as to develop mitigation efforts. The second annual South 
Carolina Drought Tabletop Exercise brought together over 
ninety participants from statewide groups to revisit the 
drought monitoring and response process, identify gaps, and 
increase awareness of the participants’ roles. A summary of 
the exercise is available on the CISA website. The first South 
Carolina State Water Planning Framework was developed 
by the State Water Planning Process Advisory Committee 
(PPAC), and the new Water Demand Projection Methods 
for Off-stream Water Use in South Carolina was also created. 
Important steps were taken in water management and 
regulation to ensure sustainable use of groundwater resources 
as SCDHEC approved the Groundwater Management 
Plan for the Western Capacity Use Area (WCUA) this past 
November. Additionally, Governor Henry McMaster formed 
the South Carolina Floodwater Commission in response to 
recent extreme flooding events.
Looking forward, the 2020 South Carolina Water 
Resources Conference (SCWRC) will be held on October 
14-15 at the Columbia Metropolitan Convention Center. The 
Call for Abstracts for oral and poster presentations will be 
announced in early February, and the deadline to submit is 
April 15th. More information can be found on the SCWRC 
website.
The JSCWR 2020 call for submissions will close 
in late February. Both full research articles and short 
communications are invited. Additionally, a new editorial 
policy was established for consideration of submittals that are 
fully developed/expanded from content currently available 
on the Internet. The new policy will provide an opportunity 
for authors to have not only a formal peer-review process 
applied to their scholarly work, but also to provide long-
term archival placement. Visit the JSCWR website to search 
and view past issues and access more information on the 
submittal and review process.
In conclusion, the second JSCWR editor’s term ends 
with the 2019 issue, and we are grateful to have had Devendra 
Amatya’s time and expertise for the 2017, 2018, and 2019 
issues. It was because of Devendra’s initial encouragement 
back in 2013 that JSCWR was established, and he has always 
provided thoughtful insight for the editorial and publishing 
process and potential for growth. For the third editor term, we 
are excited to welcome Dwayne Porter. Dwayne is a Professor 
and the Director of Graduate Studies for Environmental 
Health Sciences at the University of South Carolina’s Arnold 
School of Public Health. We look forward to the next three 
years with Dwayne’s leadership and the expertise of the full 
editorial committee that is made up of experts from the 
University of South Carolina, College of Charleston, Coastal 
Carolina University, and Clemson University, as well as the 
USDA Forest Service Southern Research Station.
Foreword
Dawn anticole white, m.m.c.
Journal of South Carolina Water Resources Managing Staff Editor
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Supporting Coastal Resiliency by Investigating Tidal Reach 
and Inter-Connected Factors in Coastal Georgia
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Abstract. Increasing our understanding of the tidal dynamics, the extent of tidal reach, and storm surge impacts on 
near-coastal areas of Georgia and South Carolina rivers is a significant research opportunity. It has the potential to 
yield benefits to sustainable planning, ecosystem protection, and risk management for regulators and state agencies, 
local municipalities, coastal residents, and other regional stakeholders. This study leveraged existing United States 
Geological Survey (USGS) water level data for the Savannah River, added additional water level gauges in key areas 
for less than one year, and analyzed these combined large data sets with modified wavelet analysis and Fourier 
analysis. One significant outcome of the research included confirmation of river mile 45, historically referred to as 
Ebenezer Landing, as the head of tide. We also provide information on the dynamics of wave propagation through 
the near-coastal area of the Savannah River, give indication of critical areas of concern for flooding resulting from 
interactions between the interconnected factors affecting elevated upstream flows and storm tides, and discuss 
relevance of study results for various stakeholders.
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INTRODUCTION
The impetus for this research arose from a data gap 
regarding tidal reach in Georgia’s major river systems. 
The Georgia Department of Natural Resources (GADNR) 
has already identified this need to determine the reach 
of tide. This need extends to the five major river systems 
in Georgia and is a high priority from the Protection of 
Tidewaters Act (O.C.G.A. 52-1-1 et seq.). In addition, the 
Georgia Environmental Protection Division (GAEPD) could 
utilize further information on the boundary location and 
conditional interactions between tidal and river-influenced 
hydrology to inform water quality models.
Improved understanding of the interaction between 
water levels in the Savannah River, tidal conditions, storm 
surge conditions, winds, and local rainfall could lead to 
improvements in understanding the local estuarine and 
near-coastal river hydrology. This, in turn, could lead 
to improvements in predictive modeling for regulation, 
environmental protection, and emergency preparedness for 
local and regional state government agencies.
While the application of this project beyond our 
community has broad relevance for many end users, it 
also has direct relevance for preparation, response, and 
mitigation of future coastal hazards from tropical cyclones 
and meteotsunamis. Flooding during hurricanes and 
tropical storms is not limited to the immediate coastal area 
but could extend well upriver due to interactions between 
abnormally high estuary water levels caused by storm surges 
and/or synergies of tidal forcing during spring tides. Higher 
rainfall intensity storms such as Hurricane Harvey (2017) 
and Hurricane Florence (2018) are setting new precedents 
for inland flooding impacts. It may become increasingly 
critical to evacuate low-lying areas 10–20 miles inland and 
near rivers. Moreover, while the spatial relationships of peak 
rainfall flooding, coastal storm surges, and estuary tidal 
fluctuations are important, the timing of these factors may 
also be critical to the prediction of a combined maximum 
local impact.  These local combined impact predictions are 
potentially most critical for emergency management agencies 
to consider when organizing resources in preparation of 
these storm events and may occur outside of the predicted 
peak impact for storm surge or river stage.
 Thus, another key deliverable of this project will be 
the identification of scenarios and specific locations where 
coalescing factors may cause upriver flooding not currently 
predicted by storm surge inundation models. Recent larger 
storms that impacted Savannah, Georgia, such as Matthew 
(2016) and Irma (2017) possessing differing approach vectors, 
wind fields, storm surge prediction, and highly-localized 
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coastal inland flooding are creating a more complex scenario 
for evacuation versus shelter-in-place decisions. Further, 
efficient timing of evacuations must balance the necessary 
time for populations to prepare and travel away from the 
coast but attempt to avoid gridlock with larger areas and 
populations involved. Current storm surge inundation models 
and predictions from the Sea, Lake, and Overland Surges from 
Hurricanes (SLOSH) model do not incorporate river level 
or inland rainfall into risk assessments and inundation maps 
(NHC, “SLOSH”). Development and other human impacts 
also play a role. For the Savannah River in particular, recent 
work on the Savannah Harbor Expansion Project (SHEP) is 
making significant alterations to river bathymetry, which 
likely impacts upstream tides and storm surge extents.
PROJECT DESCRIPTION
NEAR-COASTAL HYDROLOGY
Near-coastal river hydrology is complex, involving 
multiple interconnecting tributaries and distributaries. 
According to Wolanski et al. (2013), “An estuary is never 
at steady state.” Like rivers, estuaries can be responsive 
to precipitation, and water levels can vary greatly due to 
upstream flow. This flow can also have impacts on salinity and 
water quality. Beyond rainfall, a regulated river such as the 
Savannah can experience unusual changes in water flow in the 
estuary due to releases from upstream reservoirs. Of course, 
near-coastal areas are also impacted by downstream tides. 
Further, tides have multiple predictive drivers, primarily lunar 
and solar gravitational forcings, but also less predictive, more 
stochastic transient influences related to weather, wind speed, 
and wind direction.
These systems are also subject to alterations based on 
anthropogenic activities. In the Savannah River, historic 
modifications to facilitate navigation on the river have 
shortened and deepened the channel. According to Hale and 
Jackson (2003), the practice of cutting off oxbows in the river 
removed 26.5 miles of the lower Savannah River. Channel 
maintenance kept the river at a minimum of 9 feet deep and 
90 feet wide throughout the lower basin, much of which 
occurred in areas that are not naturally that shape. Dredging 
and channeling activities, among other modifications, can 
impact the relative “age” of the estuary and the way it behaves 
in regard to the interaction of tide and river stage (Wolanski 
et al., 2013). In a critically important study to this work, Sassi 
and Hoitink (2013) indicate that the impact of upstream tidal 
forces on stage in the near-coastal area depends on bottom 
friction and upstream discharge. These modifications can 
affect the timing and magnitude of both of these elements. 
Dredging can reduce friction, and shortening can reduce 
the opportunity for longitudinal dispersion of precipitation-
driven waveforms.
While understanding near-coastal hydrology may be 
difficult, it is also critically important. Wei et al. (2013) details 
the various reasons why accurate prediction of hydrology in 
this portion of rivers is so necessary, including “monitoring 
pollutant load, calculating sediment transport, controlling 
flood and drought, determining environmental flows, power 
generation, reservoir operation, and agricultural irrigation, 
as well as water supply to industry and households.” Near-
coastal areas are heavily subjected to the effects of tropical 
cyclones, face heavy pressure from development and 
industrial water uses, and are an accumulation point for 
upstream pollution that may have increased residence time 
and/or deposit in near-coastal areas.
TIME SERIES ANALYSIS AND HYDROLOGIC MODELING
River hydrology, particularly in near-coastal areas, 
has been studied with time-series methods in many 
instances. Much of the foundational work with wavelet 
analysis involving river flows and tides was done by Jay 
and Flinchem (1997, 2000) in the Columbia River Estuary. 
Wavelet analysis involves the use of a dynamic “mother 
wavelet” in numerical analysis to deconstruct and analyze 
complex time-series data. Jay and Flinchem (1997, 2000) 
showed continuous wavelet transforms to be a very useful 
tool in describing the interactive behavior of tides with 
upstream flows. Prior to this, much of the work done in this 
area had utilized harmonic analysis (Matte et al., 2013) and 
Fourier analysis. These methods suffered from limitations 
that wavelet analysis can help move past, particularly the 
analysis of quasi-periodic phenomena. The wavelet methods 
were further developed in Jay et al. (2015) to include the 
effects of additional complexities, including floodplain 
wetlands. A review by Hoitink and Jay (2016) includes work 
done using a variety of methods, including those described 
above, in many coastal river systems around the world, such 
as the Columbia, the Amazon, and the Yangtze. Among 
other things, it describes the existence of fortnightly tides 
extending into upstream reaches explained through these 
methods. Sassi and Hoitink (2013) used wavelet analysis with 
a distributed network of pressure sensors to investigate the 
effect of tidal and upstream stage on near-coastal water levels 
through an estimate of sub-tidal friction. Wei et al. (2013) 
used wavelet analysis and artificial neural network modeling 
to predict river discharge in a subsequent year. Moftakhari 
et al. (2013) estimated Sacramento River discharge with 
wavelet data and regression and were able to hindcast annual 
freshwater discharge to the estuary. Moftakhari et al. (2016) 
used stage data over approximately 200 km of the lower 
Columbia and Frasier Rivers, along with wavelet analysis and 
then regression to determine the relationship between river 
discharge and tidal factors. Then they used this relationship 
to estimate discharge where tidal information is known but 
discharge is absent. Kisi (2011) utilized a combination of 
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wavelet analysis and regression to forecast daily river stage in 
the Schuylkill River. The study also indicated that regression 
analysis performed in a superior way to artificial neural 
networks for this system.
The analysis presented in this work shares many 
characteristics with the prior wavelet work described. 
However, it is done on a new system, the Savannah River, 
and in the context of a major, discrete, and anthropogenic 
impact: harbor deepening. While previous research focused 
on characterizing the waveforms, the research presented 
here focuses on using these techniques to identify a critical 
location within the estuary (i.e., head of tide, used in 
environmental protection, legislative action, and flooding 
hazard identification). Specifically, this approach uses higher 
spatial density of data collection and incorporates multiple 
complementary analyses to achieve the research objective.
The EDFC hydrodynamic model used in preparation for 
the Savannah Harbor Expansion Project covered the same 
area as this study, including the use of water level data from 
river mile 45 (RM45) near the mouth of Ebenezer Creek. It 
collected data as far upriver as Clyo, Georgia, at RM61 and 
downstream to the mouth of the river. This hydrodynamic 
modeling effort initially overestimated the tidal range at 
that location relative to observed data (approximately 0.5 
ft of tidal range), before adding marsh areas and bottom 
roughness to the model to compensate (USACE, 2006). The 
same study described the Savannah River estuary system as 
very complex structurally and as a mixture of standing and 
progressive wave models, with the potential for multiple 
velocity peaks within a tidal cycle.
Mendelsohn et al. (1999) describes the Savannah as 
being a partially mixed estuary, but at the low end, indicating 
that river flows have a significant effect relative to tides. In 
contrast to these previous methods, tidal prediction has 
historically been calculated using Fourier analysis identifying 
scores to hundreds of harmonics that influence timing and 
amplitude of these low-frequency waves (Knauss, 1997). The 
key factor that separates these predictive models is regular, 
physically predictable driving forces versus stochastic events 
that are generally predictable but transient and difficult to 
couple with currently available models covering different 
regions of the estuary and lower reaches of the river.
Critical to all of these models and predictions is analysis 
of very long time-series data. While identification of transients 
and the impact of events like rainfall flooding, storm surges, 
and syzygy tidal events (i.e., king tides) is critical to future 
prediction, coastal resiliency, emergency management, and 
sustainable land-use development, fully understanding the 
“normal” or “baseline” responses within the highly dynamic 
and interconnected system in our estuary is paramount so 
that the transients can be identified distinctly beyond the 
normal conditions. However, changes to the system including 
the SHEP now limit the use of long-established historical 
river-gauge data. The impacts of these changes are being 
observed immediately, and the lack of predictive knowledge 
associated in how the river system behaves reduces our 
coastal resiliency and disaster preparation. Alternatively, the 
installation of multiple temporary river stage gauges provides 
additional concurrent data for analysis. Although these data 
are fundamentally different, they provide insights into both 
normal and transient behavior within the river basin.
HEAD OF TIDE
The Protection of Tidewaters Act (2010) stipulates that 
the state has ownership of waters that are “affected by the 
tide, where the tide rises and falls.” This has been further 
defined by GADNR as the upstream extent of the river where 
the tidal range is at least 0.2 ft. We refer here to this definition 
for the term head of tide. While this legislation has existed 
for almost a decade, GADNR is still in need of data to verify 
the correct location for head of tide by this definition for 
the five major river systems in Georgia. This information is 
imperative for the mission of GADNR to implement this law. 
Historic reference placed the head of tide at or around the 
mouth of Ebenezer Creek at RM45 (USACE, 1994; USDOC, 
1965). The USACE (1994) document references average tidal 
ranges of 6.8 ft at the mouth of the river and 7.9 ft at the 
upper limit of the harbor.
HYDROLOGY AND COASTAL RESILIENCY
Flooding associated with tropical cyclones is a major threat 
to life and property in coastal areas of the United States. Tropical 
cyclones can create flooding through torrential rains, as well 
as by pushing ocean water toward the shore through storm 
surges. Thus, in areas further upstream where these impacts 
are known to be more significant, there may be a potential for 
water levels that are higher than SLOSH alone might predict if 
a storm surge were to occur with an already high river level or 
be accompanied by significant upstream rainfall.
In recent years, storms such as Harvey (2017) in Texas 
and Florence (2018) in the Carolinas have challenged the 
conventional wisdom of the impacts of tropical storms being 
strongly correlated to their wind speeds. While Harvey did 
make landfall as a major hurricane, it quickly weakened and 
spent much of its time impacting near-coastal areas of Texas 
with torrential rains as a tropical storm. Florence, which 
made landfall as a category 1 hurricane, nevertheless caused 
significant near-coastal impacts due to precipitation-driven 
flooding. This type of storm could potentially have flooding 
impacts in near-coastal rivers that are not well captured by 
either precipitation-driven river-level modeling or coastal 
storm surge inundation modeling alone.
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METHODS
STUDY AREA AND DATA COLLECTION
The primary focus of this study was the area between the 
extent of the SLOSH model upriver past historically placed 
head of tide (USDOC, 1965; USCOE, 1994). This was roughly 
between RM27 and RM51. The larger area of study, included 
to investigate forcing from upstream flows and tidal range, 
was from RM1, the Fort Pulaski NOAA gauge, to RM61, the 
Clyo, Georgia, USGS gauge. The primary focus area included 
6 temporary gauge stations set up through this study and 3 
USGS gauges (Figure 1; Table 1). The larger area includes two 
additional USGS gauges at RM61 and RM1 (not pictured). 
The gauge at RM51 was originally located at RM31 but was 
moved to RM1 midway through the study to extend coverage. 
Neither RM31 nor RM51 proved to add significant additional 
information to the study and are not included in the analysis.
WATER LEVEL LOGGER STATIONS
Each temporary station consisted of a 30-ft range HOBO 
water level logger (Onset Computer Corporation, Cape Cod, 
Massachusetts) suspended within a 6 to 10–ft section of 3-inch 
polyvinyl chloride pipe that served as a stilling well. The water 
level loggers were set to collect temperature and absolute 
pressure at 15-minute intervals continuously, synchronized 
to the hour, half-hour, and quarter-hour. The water level 
loggers were suspended in the pipe with stainless steel cable. 
The pipe sections were attached securely with twisted metal 
wire to sturdy structures such as relict wing dams, trees, or 
in a few cases steel posts driven deep into the riverbed. None 
of these temporary stilling wells gave any evidence of having 
measurably moved during the study period.
 DATA POST-PROCESSING
As the water level loggers measure absolute pressure 
and not water level directly, it was necessary to perform a 
correction to the data to account for atmospheric pressure 
changes. Atmospheric pressure data were collected from 
the RM29 USGS gauge and applied to all of the temporary 
stations. Temperature data from the stations were also 
used for the correction, and an assumption of 0‰ salinity 
was used based on evidence from the RM27 USGS station 
claiming that salinity did not extend that far upstream. This 
was later verified during two station maintenance trips where 
independent Conductivity-Temperature-Depth readings 
(YSI Castaway CTD) of the river column adjacent to each 
station confirmed < 0.2‰ salinity. Temperature and salinity 
were used to determine water density in the calculation of 
water level.
Some additional data correction steps were necessary 
before the waveform matching could be completed. In 
Figure 1. Map of the study area along the Savannah River north 
of Savannah, GA . Hexagons indicate location of temporary river 
gauge stations, squares indicate locations of long-term USGS 
river gauge stations between I-95 bridge and Clyo, GA . Area 
elevation is provided based on USGS DEM data, blue shades 
indicate areas potentially prone to flooding from storm surge or 
rainfall inundation flood events .
Table 1. Temporary station locations A–F along the Savannah 
River and long-term USGS river gauges locations within and near 
the study area .
Site RM Latitude (°) Longitude (°)
A 35 32.300738 -81.122606
B 41 32.346523 -81.148278
C 43 32.361605 -81.167482
D 45 32.380207 -81.181679
E 48 32.420225 -81.202193
F 51 32.447231 -81.206815
USGS 02198840 
I-95 Bridge
28 32.235560 -81.151390
USGS 02198810 
Abercorn Cr. 39 32.249167 -81.153611
USGS 02198500 
Clyo, GA 61 32.528056 -81.268889
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several instances there were sections of missing or low-
quality data on the 15-minute intervals that caused problems 
in the waveform matching. Two different methods were 
used to account for missing data. The first method, when 
missing data were of short duration (less than 3 hours), was 
to interpolate between the existing data to fill in the gaps. The 
second method, for areas of longer duration, was to exclude 
this section of the data from analysis by creating 0 values that 
would not create matches. This only occurred at the RM45 
temporary station due to movement of the water level logger 
on the cable out of the stilling well resulting in low-quality 
data. The stilling well was not observed to have moved. This 
movement is thought to be caused either by turbulent water 
at high flows or by tampering, and occurred between 4/29/18 
and 5/18/18. One additional correction was made to data 
from the RM35 station. It was discovered after approximately 
1 month of deployment that the tidal range was extended 
below the level of the water level logger for approximately 
2 hours on certain days. This was corrected by moving the 
logger down by exactly 1 ft at 10:00 on 3/29/2018 and adding 
one foot to the previous data. To manage the low-quality 
data that occurred when the logger was out of the water, it 
was discovered that during tidal minimum periods that were 
not out of the water, the data exhibited a consistent second 
derivative. This value was used to estimate these sections of 
data based on adjacent data.
FOURIER ANALYSIS
Post-processed data, with atmospheric correction and 
anomalous data removed or corrected, were analyzed using 
the fast Fourier transform (FFT) algorithm in MATLAB® 
(Mathworks®, Natick, Massachusetts). Dominant spectral 
frequencies produced by the FFT were compared to well-
established tidal harmonic periods to assess the influence 
of tidal forcings at each individual station. In particular, 
the 12.42-h period associated with the principal lunar 
semidiurnal (M2) harmonic component was used in the 
Savannah River system to identify significant tidal influence 
at each river gauge station. An artifact of limited data (< 
365 days) and FFT analysis offers insufficient precision in 
analyzing significant frequencies identified by the technique. 
For example, a 100-day, 15-min sampling produced spectral 
precision of ~0.4h (2.4 min) while a 250-day, 15-min sampling 
produced spectral precision of ~0.2 h (1.2 min). Further, 
specific spectral energy is often split between two adjacent 
frequencies that are very close to the true harmonic period, 
but which were not precisely binned into the physically 
defined period. Thus, our analysis extended the M2 harmonic 
period identification from 12.41–12.43 h to account for these 
data and analysis limitations. Lastly, spectral peaks are only 
identified as significant if their amplitude was 3 standard 
deviation above the variability produced by all frequencies. 
Additional refinement could improve this approach to 
Fourier analysis, but that was beyond the scope of this initial 
assessment of the rapid, multiple, temporary river gauge 
analysis technique.
WAVEFORM MATCHING
The term waveform matching is used here instead of 
wavelet analysis because there are key differences between 
what is done here and what is normally meant by wavelet 
analysis. Wavelet analysis has been well described elsewhere 
and will not be described completely here, but some aspects 
of differences will be highlighted. For instance, while this 
analysis and wavelet analysis convolve functions or sets of 
functions through a time series to describe and deconstruct it 
into components, traditional wavelets are meant to integrate 
to zero (Vidakovic and Mueller, 1994), while the waveforms 
used in this analysis do not. Also, while wavelet analysis 
typically produces a matrix of values representing amplitude 
of periodic or quasi-periodic phenomena in the data for 
various regions of time and frequency in a generalized way, 
this method parameterizes each waveform in the data, even if 
it is the only one of a particular frequency and amplitude, at 
which point the method generalizes those matches. It is then 
possible to extract the matched parameters of each individual 
waveform if desired. This is the case for both the tide-based 
waveforms and the upstream discharge-based waveforms. 
While we will leave it to others to decide if the methods used 
here qualify as wavelet analysis, the method used is described 
in more detail as follows.
The waveform matching used in this study was based 
largely on the method originally developed for Rosenquist 
et al. (2010). Like the previous method, half-sine waveforms 
of a wide variety of wave heights and wave periods are 
individually superimposed on the time series at every 
possible point, and a quality of fit parameter is calculated 
for each potential match. Equation (1) is used to calculate 
the height of the superimposed wave at each point, compare 
it to the actual wave height, and then calculate a fit quality 
parameter (Figure 2). A large dataset of potential fits is 
thereby generated for various combinations of wave heights 
and periods over the entire data series. Then the large 
resulting dataset of potential fits is mined for the best quality 
fit for each portion of the data.
where:
• H is waveform height in feet, so for a tide-based 
wave this would be the difference in stage from low 
to high tide,
• TSk is the actual river stage at tp,
(1)
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• w is the current wave period being tested for fit,
• a is the current wave height being measured for fit,
• tp is the time in the time series representing the peak 
of the current waveform being evaluated,
• and t is the measurement location in the current 
waveform being tested.
This method differs from the previous one based on the 
inclusion of the last two terms of Equation (1), which bind 
the peak waveform being tested to the current value of the 
time series being tested, instead of the previous method that 
bound the base of the waveform to zero. This is a distinct 
advantage over the previous method because it allows for 
more accurate evaluation of waveforms whose minimum 
values are not near zero. The determination of fit quality 
(Figure 2), which for this study was based on the ratio 
of misfit area to fit area, is also different from the original 
method, which was based on the ratio of fit to misfit. In 
the current method, a perfect fit would be zero, and fits are 
only accepted as accurately representing a waveform up to a 
certain level of misfit. Only fit quality values lower than 0.5 
are recorded to prevent extremely long computer run times 
on low-quality data, as even some of the values below 0.5 are 
eliminated later in post-processing.
Both methods then select the best quality fit in the 
resulting dataset and eliminate that section of the time series 
from further selection. This process is continued until the 
entire dataset is eliminated or until no more matches of a 
certain quality can be found. Deconstruction of the time 
series into various signals is done by running the method 
with different sets of wavelengths so that both tidal and river 
waveforms can be found simultaneously. The first run is done 
with wavelengths of 6 hrs to 24 hrs for tide-based waves from 
downstream and the second set from 48 hrs to 1,680 hrs for 
precipitation or dam discharge-based waves from upstream. 
Downstream stage can be influenced by factors other than 
precipitation, such as the discrete high-volume releases in 
the Thurmond Dam at approximately RM215.
In the process of selecting the waveform matches the 
method also records the following for each match:
1. Match quality (misfit/fit, 0–0.5)
2. Match wave period
3. Match wave height
4. Time of peak
5. Actual stage at the match peak
6. Actual stage at the waveform minimums
The following additional parameters can then be 
calculated or searched for each match:
1. Actual height of rising limb
2. Actual height of falling limb
3. Actual averaged wave height (average of rising and 
falling limb heights)
4. RM61 stage at peak time
5. Most recent RM1 wave height
6. Time-matched wind speed/direction at NOAA Fripp 
Island Buoy
Determining the head of tide with waveform matching 
involved considering the distribution of waveforms found 
at each location and some attempt at interpolation between 
river miles and interpretation of the variation at each 
location. Boxplots are used to compare these distributions 
to the established criteria of 0.2 ft to define head of tide. 
Interpolation methods assume linearity between adjacent 
river miles and included explanatory factors such as upstream 
flow and tidal range.
POST-ANALYSIS QUALITY ASSESSMENT
To assess the quality and interpretation of the Fourier 
analysis, an alternative, simple low-pass filter was applied 
to the corrected river gauge data as a moving 24-h average. 
This 24-h average with a 0.2 ft “minimum tidal height” was 
compared to the unprocessed river gauge data. If the river 
gauge data exceeded the moving average with a 0.2-ft head 
of tide criterion, this was an indication of tidal influence at 
the station.
A second quality assessment was the reconstruction 
of the single significant tidal harmonic identified by the 
Fourier analysis and compared the amplitude of this isolated 
waveform to the 0.2-ft wave height head of tide criterion. If 
the wave amplitude exceeded the head of tide criterion, this 
also indicated significant tidal influence at the station.
Figure 2. The blue line represents the test waveform while the red line 
represents the actual time-series data . The green area represents fit, 
while the tan area represents misfit .
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To address the quality of the waveform matching, 
several steps were completed to determine the best cut-
off point for match quality. The first was a histogram 
distribution of the match quality values for all the chosen 
matches (Figure 3). This revealed a bimodal distribution 
of the 3,315 total matches with large numbers of matches 
occurring with either relatively low match values (high 
quality) or high match values (low quality). A match value 
of 0.33 was observed to be near the middle of these two 
modes. Next, a visual assessment was done of some matches 
above and below this threshold, which confirmed that the 
matches above were often not an accurate assessment of 
the time-series data while the ones below were accurate. 
Lastly, many of the matches above 0.33 were duplicates of 
the same time periods in the data from the higher and lower 
sets of wavelengths. Therefore, 0.33 was chosen for this data 
as the cut-off for quality matches to be included; however, 
this value might not carry over to other river systems. 
Furthermore, a test was done for any waveform match that 
was attempting to quantify the same waveform in the data 
and the worse match was excluded. This is not to say that 
two matches could not occur at the same time; for instance, 
a 12-hr match that sits within a larger 240-hr match did 
not require eliminating one, but matches of waveforms with 
the same actual peak and actual width could not have two 
different descriptions.
EVALUATING POTENTIAL EFFECTS OF RIVER STAGE, TIDAL 
PHASE, WIND, AND LOCAL PRECIPITATION ON WAVEFORMS
To test for the effects of the above factors on 12-hr 
waveforms, the values for each group were categorized as 
follows. The upstream river stage was divided into three 
categories: Low (L), High (H), and Flood (F). The cut-
off between L and H was the mean stage at RM61 in Clyo, 
Georgia, reported by USGS averages over all available years, 
which is 6 ft. The cut-off between H and F was the USGS 
minor flood stage of 11 ft, also at RM61. During the study 
period, water levels were in the L range 64% of the time, 
in the H range 20% of the time, and in the F range 16% of 
the time. Therefore, this data had lower water levels than 
average. Tidal range was divided into two groups, neap (N) 
and spring (S), based on the median value at RM1 during 
the study period of 7 ft. Local precipitation was estimated 
based on the stage of Ebenezer Creek, divided into Low (L) 
and High (H) values based on the mean value during the 
study period of 5.85 ft. Wind effect was divided into three 
categories—Downriver (D), Moderate(M), and Upriver 
(U)—based on the upper and lower quartiles of the vector 
quantity of wind observed in the 300° upstream direction. 
All of these parameters were tested for significance based on 
a bootstrapped 95% confidence interval for the mean of the 
averaged actual wave height.
TOWARD PREDICTIVE MODELING
Based on the results of the above evaluation for the 
relative effects of the influencing factors on waveforms, we 
evaluated the potential to create a predictive model of water 
level through the study region based on RM1 wave height or 
storm surge and the river level upstream at RM61. Methods 
including regression and artificial neural network methods 
have been considered. Prior work in these areas including the 
sources cited in this paper have been reviewed and the data 
available evaluated for suitability for use with these methods. 
While these methods were not completely implemented in 
this study, there are ongoing efforts to do so. Toward this 
effort, a calculation was done of a tidal reach ratio, defined 
as the ratio of the height of each matched 12-hr wave (Hx) to 
the previous wave height most nearly matched in time and 
occurring at RM1 (H1). RM1 is located near the mouth of the 
river and is meant to represent a tidal force not impacted by 
river level. The Hx/H1 ratio is meant to indicate the amount 
of that wave that is propagated upstream to various stations, 
under different conditions.
Improvement of these predictive analyses may be found 
in cross-correlation of the data produced by all river gauges 
in the study area. This method does need additional data to 
be successful, but preliminary analysis (not presented here) 
is promising. This approach will yield specific temporal 
relationships to improve and further inform our current 
spatial data. However, as previously noted, this was beyond 
the scope of our initial question whether short-term, rapidly 
deployed, inexpensive temporary river gauges could assess 
the influence of rainfall flooding, storm surge, and tidal reach 
on an estuary system.
Figure 3. Histogram of waveform match (misfit/fit) quality parameters 
for all the matched waveforms . The minimum observed between the 
bimodal distribution of fits demonstrates two normal distributions 
of the analysis results, the lower peak representing higher-quality 
waveform matches . Thus, the 0 .33 ratio at the minimum was 
identified as the maximum acceptable waveform match and higher 
values were omitted .
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Figure 4. Fourier analysis and quality assurance data for temporary river gauge stations at RM45 Ebenezer Landing and upstream at 
RM48 just downstream from Berry Landing . (A) RM45 shows clear 12 .42 h tidal harmonics that are 3 standard deviations above 
the spectral noise . (B) This is corroborated by raw data (solid blue lines) exceeding the 24-h moving average with ±0 .2-ft boundaries 
(dashed light blue lines) and isolated 12 .42 h harmonic amplitude (green waveform) exceeding 0 .2 ft wave height (black dashed lines) . 
(C) Although the 12 .42 h tidal harmonic is identifi ed at RM48, it did not exceed our 3-standard-deviation threshold above the noise 
and only analysis artifacts were isolated . (D) These data are consistent with the raw river gauge data not always exceeding the 24-h 
moving average ± 0 .2 ft or the isolated 12 .42 h spectral harmonic amplitude being less than 0 .2 ft . This suggests the head of tide lies 
between RM45 and RM48, but more data and further analysis is required to identify the specifi c location with Fourier analysis .
A
B
C
D
RESULTS
DATA OVERVIEW
Data were collected starting in mid-February of 2018, 
and data collection is ongoing at the time of publication. For 
the purposes of this study, data are included up to 8/2/2018. 
Th e full time period is available for stations A, C, and E, in 
addition to USGS stations 1, 2, 3, and 4. Station B, RM41, 
is not included due to access issues at high river stage and 
data quality issues. RM45 had about 20 days of omitted data 
during this period due to low-quality data but is include 
otherwise for the entire period. Th ere were two notable high-
water events during this period, with one (late May through 
June) signifi cantly higher than the other (early May). Th e 
larger event exceeded the National Weather Service’s 11-ft  
minor fl ood stage for almost a month and almost exceeded 
the 15-ft  moderate fl ood stage. Th ere were no storm surge 
events observed during the study.
FOURIER RESULTS
Fourier analysis of the river gauge data was confounded 
by the multiple fl ooding events experienced during the 
analysis period. Two specifi c analyses, identifying a period 
over 60 days when the river stage was less than 6 ft , before the 
month-long fl ooding in late May through mid-June when the 
river stage was over 11 ft , isolated a “normal” river stage from 
an “abnormal” or “fl ood” stage for Fourier analysis.
Under normal river stage conditions, RM45 at Ebenezer 
Landing was clearly infl uenced by the tide with a 12.42-
h lunar semidiurnal tidal harmonic in the river stage data. 
Th is was confi rmed by both the raw data fl uctuation about 
the 24-hr moving average and the isolated 12.42 h harmonic 
amplitude exceeding the 0.2 ft  head of tide criterion (Figure 
4, A and B).
Moving upstream to the next station at RM48, just below 
Berry Landing, the 12.42 h M2 harmonic is observed in the 
river gauge data; however, it does not meet the 3 standard 
deviation threshold above the noise to be signifi cant. Further, 
the raw data does not consistently exceed the 0.2 ft  height 
in relation to the 24-h moving average, and the isolated 
harmonic amplitude is less than 0.2 ft  (Figure 4, C and D).
However, the head of tide determination was signifi cantly 
impacted by the river stage. Considering the month-long 
fl ood stage during late May to mid-June, Fourier analysis 
did not positively identify any tidal infl uence above RM35 at 
Purrysburg Landing (Figure 5).
Journal of South Carolina Water Resources 11 Volume 6, Issue 1 (2019)  
Supporting Coastal Resiliency by Investigating Tidal Reach and Inter-Connected Factors
These data suggest under normal conditions that the head 
of tide is upriver from Ebenezer Landing but located before 
reaching Berry Landing between RM45 and RM48. The head 
of tide moves substantially downriver when it is flooding 
and is located above RM35 but before RM41. This points 
to a distinct need to consider river stage when discussing 
head of tide (Figures 4 and 5). More data would significantly 
improve this analysis, but these results do demonstrate the 
relative utility of Fourier analysis in positively identifying 
tidal influences with a relatively short 30–60 days of data. 
Moreover, the method of placing inexpensive, rapidly 
deployed, temporary river gauges could be improved by 
intermediate analyses and by altering river gauge locations 
to refine measurements during the determination process. 
Without significant cost and perhaps in as little as 120 days, 
the head of tide could be identified to less than 1 river mile if 
actively analyzed throughout the period instead of leaving all 
the river gauges in place for the entire time.
MATCH OVERVIEW—WAVEFORM MATCHING
Table 2 provides all of the high-quality (match value < 
0.33) matches from the analysis. From RM1 to RM35 the same 
total number of 12-hr matches were found, with decreasing 
Figure 5. Under flood stage (> 11 ft) conditions, head of tide moves downstream . (A) RM35 near Purrysburg Landing shows lunar 
semidiurnal tidal harmonics that are 3 standard deviations above the spectral noise, even though the limited data has split spectral 
energy across harmonic periods . (B) The tidal influence is clearly observed in raw data (solid blue lines) exceeding the 24-h moving 
average with ±0 .2 ft boundaries (dashed light blue lines) and isolated 12 .42 h harmonic amplitude (green waveform) exceeding 0 .2 
feet (black dashed line) . (C) No tidal harmonics are observed upriver at RM41 at cut-off #3 during flood stage . (D) These data are 
consistent with the raw river gauge data not always exceeding the 24-h moving average ± 0 .2 ft and nonexistent isolated semi-diurnal 
harmonic amplitude (absent green waveform) . This suggests the head of tide lies between RM35 and RM41 when the river stage is 
higher than normal, but, as before, more data and further analysis is required to identify the specific location with Fourier analysis .
A
B
C
D
average wave height. Below RM35 the only matches were 12-
hr and the only other match at RM35 was a 1,200-hr wave 
period corresponding to the larger upstream-driven flood 
event. From RM35 to RM48 there were a decreasing number 
of 12-hr events with decreasing wave height. From RM39 
to RM61 both of the noted upstream-driven flood events 
were matched at each station as were an increasing number 
of smaller events that were still greater than the 12-hr wave 
period.
HEAD OF TIDE—WAVEFORM MATCHING
Figure 6 provides a summary of the distribution of all 
the 12-hr waveforms at each station. Of note, there appears 
to be a trend with two distinct linear or near-linear sections 
of different slopes. Starting at RM1 there is a decrease of wave 
height with a gentle slope followed by a breakpoint between 
RM29 and RM35 and then a rapid decrease to RM48. Also, 
note that the variability in wave height is highest from RM35 
to RM43. Regarding head of tide, RM45 is the last station 
where the median value is higher than the threshold of 0.2 
ft, RM43 is the last station where the entire interquartile 
range is about 0.2 ft, and at RM48 even the extreme values 
are below 0.2 ft. Clearly the head of tide exists in this region 
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but is subject to some variability depending on conditions 
discussed below.
EFFECTS OF RIVER STAGE, TIDAL PHASE, WIND, 
AND LOCAL PRECIPITATION ON WAVEFORMS 
Bootstrap confidence intervals for the mean value of 
wave height revealed that wind and local precipitation were 
not significant explanatory factors for variability in 12-hr 
wave height. Further, 95% confidence intervals overlapped 
for the various subgroups of data defined by the 3 wind 
categories and the 2 precipitation categories. However, 
bootstrap confidence intervals for river stage and tidal 
phase indicate significance in explaining this variability as 
confidence intervals for the mean did not overlap. Figure 7 
breaks out 12-hr wave height based on neap or spring tide. 
Table 2. A 3-D histogram summary of all the high-quality matches in the analysis from all included stations . Lighter colors (white, 
yellow) represent fewer matches, while darker colors (blue, black) represent repeated and most likely significant matches . The 12-h 
wave period is closest to the most influential principal lunar semidiurnal (M2) tidal component .
This factor is most powerful in explaining variability in the 
downstream (below RM35) and upstream (above RM39) 
regions and less powerful in the middle portion. Regarding 
head of tide, RM45 is above 0.2 ft for the entire interquartile 
range during spring tide and below during neap tide.
Figure 8 breaks out 12-hr wave height based on river 
level. This distinction is powerful in explaining variability 
throughout, but especially in the middle portion (RM35 
to RM39) where the tidal regime distinction is weaker. 
Note that during “Flood” conditions, head of tide drops 
down below RM39. There were no 12-hr wave matches 
observed above RM39. Head of tide moves below RM43 
under “High” river condition, but under “Low” conditions it 
is mostly present at RM45. Based on the interconnectedness 
of tidal cycle and river level, the 12-hr wave height data are 
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Figure 6. Boxplot of 12-hr waveform height at each station depicting 
median, interquartile range, and reasonable maximum and minimum 
values along with the 0 .2 ft critical value (red line) .
shown in Figure 9 with both tidal phase and river level 
included, allowing a comparison of the relative power of the 
two variables at the different locations. The data for stations 
above RM43 are omitted because there is not enough data to 
adequately subcategorize and because RM48 is entirely below 
0.2 ft and thus above head of tide. It is possible to compare the 
relative power of the two variables at the different locations. 
The data for stations above RM43 are omitted because there 
is not enough data to adequately subcategorize and because 
RM48 is entire below 0.2 ft and thus safely beyond head of tide. 
While RM45 does have wave heights above 0.2 ft frequently, it 
is necessary to move down to RM43 to obtain a wave height 
above 0.2 ft consistently under a wider range of conditions 
including neap tide and some high flows. So, while it is up 
for some interpretation depending on the way head of tide 
is defined within the context of these variables and analyses, 
head of tide likely exists somewhere between RM43 and RM45 
on the Savannah River. The range of tidal conditions at RM35 
and RM39 is also noteworthy. Under minimal conditions of 
neap tide and flood flow, the tidal range at RM35 can be as 
little as 0.5 ft, but under ideal conditions of spring tide and low 
flows it can have a tidal range of over 3 ft. Similarly, RM39 can 
have a tidal range of less than 0.2 ft or almost 2 ft, depending 
on circumstances.
Figure 7. Boxplot of 12-hr waveform height at each station broken 
out by tidal phase and depicting median, interquartile range, and 
reasonable maximum and minimum values, along with the 0 .2 ft 
critical value (red line) .
Figure 8. Boxplot of 12-hr waveform height at each station broken 
out by river level and depicting median, interquartile range, and 
reasonable maximum and minimum values along with the 0 .2 ft 
critical value (red line) .
Figure 9. Boxplot of 12-hr waveform height at each station broken out 
by tidal phase and river level, depicting median, interquartile range, 
and reasonable maximum, and minimum values along with the 0 .2 ft 
critical value (red line) .
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INTERPOLATION–WAVEFORM MATCHING
Linear interpolations between stations yield the 
following additional results. At low flows and/or spring tides, 
a median wave height of 0.2 ft probably reaches RM46. Under 
“Flood” conditions a median wave height of 0.2 ft probably 
occurs near RM38, with limited effect from tidal cycle.
TOWARD PREDICTIVE MODELING–COMBINED EFFECTS 
OF STAGE AND TIDE (STORM TIDE) IN CRITICAL AREAS
A goal of this study was to evaluate the flood risk of areas 
that might be affected by both storm surges and upriver, 
precipitation-driven flooding that is not being captured by 
current SLOSH model predictions. In particular, we would 
like to be able to predict river levels throughout the study 
reach based on tidal range, or storm surge, and upriver 
(RM61) river levels. While the data in this study provided 
very promising results toward this goal, such a predictive 
model is not presented here for the following reasons: (1) the 
study period did not include a storm surge event that could be 
used to verify the trends seen at lower wave heights at those 
higher levels and extrapolation would be occurring beyond 
reasonable limits; and (2) modeling efforts to create robust, 
validated predictions while verifying that the necessary 
assumptions for the methods have been met are still under 
development. Notwithstanding, some results are presented 
here, specifically the tidal reach ratio (Figure 10). Note that 
the ratio is only presented from RM27 to RM43 because the 
ratio at RM1 would be 1 by definition, and the ratio beyond 
RM43 becomes negligible under all conditions. Also note that 
as in previous results, “Flood” conditions in the river cause 
the ratios to be negligible above RM35, at least under the 
range of 12-hr wave heights observed in this period at RM1. 
It is theoretically possible that higher (super-spring) storm 
tides might create non-negligible ratios farther upstream. 
Also, based on results presented above, precipitation-driven 
waves were not observed below RM35. Therefore, based on 
the range of forcing (tidal and upriver flow) available in this 
analysis, it is likely that the area most likely to be affected by 
a combination of storm surge and upstream discharge would 
be some portion of the river above RM29 and below RM39 
(Figure 11). This includes Purrysburg, South Carolina and 
some of the areas around Hardeeville, South Carolina. On 
the Georgia side, most of this area is relatively undeveloped 
as part of the Savannah National Wildlife Refuge (SNWR). 
Based on a possible worst-case scenario of high water levels 
in the river and storm tide, it is possible that 40% or more of 
the height of this storm surge wave could be propagated this 
far upstream. These ratios, and/or the predictive modeling 
of river elevation suggested, could be combined with current 
SLOSH model results and GIS tools to inform potential 
inundation areas under predicted conditions. It should also 
be noted that the impact of elevated water levels in the river 
has a significant effect on wave propagation all the way down 
to RM27 and potentially beyond.
DISCUSSION
RELEVANCE FOR NATURAL RESOURCE 
MANAGEMENT–HEAD OF TIDE DETERMINATION
Based on the significant impact of river level, and to a 
lesser extent, tidal cycle, the Fourier and waveform matching 
results indicate that a definitive determination of head of tide 
to a specific river mile based solely on a 0.2-ft wave height 
requirement is not possible. Rather, it is necessary to define 
the tidal conditions and flow conditions that accompany that 
level. It is also necessary to define how frequently the wave 
heights must exceed this level under those conditions. For the 
purposes of this study, we are defining this as the presence of 
12-hr waveforms for the majority of the time that river levels 
are less than the historic mean flow (6 ft in this case) and 
inclusive of both spring and neap tide, but not storm tides. 
Based on this definition, both methods of analysis converged 
on RM45, in agreement with the USDOC information from 
1965 and the USACE information from 1994. Interpolation 
under the waveform matching method may support RM46 
under this definition, but with less confidence. Extrapolation 
of Fourier analysis also suggests RM46. However, this analysis 
also provided a basis for which GADNR can determine the 
regulatory head of tide for the purposes of the Protection 
of Tidewaters Act based on different conditions they feel to 
be most relevant for this purpose. For instance, the highest 
upstream extent of 12-hr waveforms of an amplitude of equal 
to or greater than 0.2 ft occurred anywhere between RM38 
and RM46, depending on the tidal cycle and the river level; 
river level was the dominant factor. In future work, it is likely 
Figure 10. Boxplot of tidal reach ratio broken out by tidal phase and 
river level, depicting median, interquartile range, and reasonable 
maximum and minimum values .
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that this method could be equally effective in providing head 
of tide information for other near-coastal rivers.
RELEVANCE TO SHORT-TERM RESPONSE 
AND EMERGENCY MANAGEMENT
Limited resources during life-threatening events require 
their efficient deployment and use to ensure the most-effective 
response to protect life and property. This study revealed the 
need to develop predictive tools to analyze complex hydraulic 
river systems impacted by multiple deterministic, predictable, 
and stochastic inputs. However, this study provides some 
evidence for the potential to model river stage in the near-
coastal region using 12-hr wave heights and Fourier analysis. 
Moreover, continued use of inexpensive, temporary, rapidly 
deployed river gauges provides the necessary data to describe 
hydraulic linkages between fully river-influenced river gauge 
stations (USGS, Clyo, GA) and tidal stations, but between 
river-influenced stations (USGS, Abercorn Creek, GA) and 
fully tidal stations (NOAA, Fort Pulaski, GA) near the mouth 
of the river.
Literature on the subject and preliminary work with 
regression models by the authors indicate the strong potential 
for such a model that may have very accurate prediction 
capabilities for this region without the need to deploy water 
level monitoring in this region permanently. The limitation of 
this approach is lack of a timing component, even if amplitude 
of the river stage at any given location can be determined. 
In the future, Fourier analysis and cross-correlation of the 
combined tidal and river stage data across the region may 
provide this critical timing of tide wave or storm surge 
propagation upriver and floodwater downstream. What 
cannot be overstated, though, is the importance of relating 
Figure 11. Map of the study area along the Savannah River north of Savannah, Georgia . 
Highlighted (red) portion of the Savannah River is the region where this analysis of 
response to tidal upstream flow and rainfall-inundation downstream flooding is most 
likely to experience synergistic interaction . Note the location west of I-95, which was 
the edge of evacuations during Hurricanes Matthew and Irma in 2016 and 2017, 
respectively . This analysis suggests that emergency preparedness professionals may 
want to consider additional evacuations along low-lying areas of the Savannah River up 
to RM35 to avoid loss of life during a tropical storm event .
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all these results to river stage at the time as a highly sensitive 
factor to river flood and tidal/surge interaction. This study 
clearly identifies a region of the river between RM35 and 
just above RM45 that is simultaneously sensitive to both 
upstream discharge and downstream tidal effects for the 
local water level. Ultimately, with continued development of 
these analytical techniques, improving our understanding of 
the individual contributions of storm surges, tidal influences, 
and upriver flooding to overall river stage will provide 
informed decisions on management and development in 
this section of river potentially impacted more by critical 
timing rather than solely magnitude of these events. For the 
future, this region of the river should be developed with care 
as it may be especially vulnerable to changes in long-term 
river flow impacted by stochastic precipitation and tropical 
cyclone events.
RELEVANCE FOR LONG-TERM RESILIENCY 
AND COASTAL DEVELOPMENT
An interesting outcome of this study that warrants 
additional consideration is the observation of a breakpoint 
location around RM29 where the wave heights started 
diminishing more quickly moving upstream (Figure 6 and 10). 
The propagation of these 12-hr waves seems to be impeded 
in a different way around this region than downstream, 
potentially by differences in storage or friction. A question 
for future study is whether that breakpoint depends more on 
sea level or on local geomorphology. If based on sea level, 
then perhaps future sea level rise could shift that breakpoint 
upstream, resulting in significant changes to daily water 
levels in that upstream area. For instance, the area around 
Purrysburg, which may now be getting only 40–50% of 
the wave height seen at RM1, could start getting 80–90% 
of that wave height. However, if based on geomorphology, 
the breakpoint may be more static, potentially resulting 
in erosive pressure on the geomorphology. The modeling 
effort conducted by Tetra Tech in conjunction with the 
Army Corps of Engineers (2006) indicated that additional 
floodplain wetlands and bed friction had to be modeled into 
the system in order to achieve the wave heights observed at 
RM45. If sea level rise or development affected the behavior 
of these wetlands, it could alter the head of tide significantly 
based on their model. Another long-term consideration 
for resiliency is the proposed reconnecting of the oxbows 
that were cut off in the latter half of the last century. This 
potential modification also has the potential to significantly 
impact the hydrology of this area. Reconnection will likely 
increase overall bed friction, potentially resulting in less 
wave propagation upstream or a change in the breakpoint 
area. It may also allow for more longitudinal dispersion of 
precipitation-driven waveforms, reducing wave heights of 
this type in the more downstream area.
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Abstract. Satellite measurements of lake surface temperature can benefit several environmental applications such 
as estimation of lake evaporation, predictions of lake overturning, and meteorological forecasts. Using a one-
dimensional lake simulation that incorporates satellite measurements of lake surface temperature, the average 
diurnal variation in lake surface temperature was obtained. The satellite measurements were obtained from the 
MODIS instrument aboard the Aqua and Terra satellites. Herein the functional form for the diurnal variation in 
surface temperature is presented for each of the five major lakes in the Savannah River Basin, which are located in 
South Carolina and Georgia: Lakes Jocassee, Keowee, Hartwell, Russell, and Thurmond. Differences in the diurnal 
variation in surface temperature between each of these lakes are identified and potential explanations for these 
differences are presented.
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INTRODUCTION
Numerous environmentally relevant processes occur at 
the air/water interface of inland bodies of water such as lakes 
and reservoirs. For example, the stratification and mixing 
cycle of lakes can have a significant impact on the exchange 
of dissolved gases such as oxygen, carbon dioxide, carbon 
monoxide, and methane (Solano et al., 2000; Adrian et al., 
2009; Tranvik et al., 2009; Raymond et al., 2013; Borges et 
al., 2015; Borges et al., 2018), and on the evaporation and 
condensation of water from the surface (Helfer et al., 2011; 
Phillips et al., 2016; Zhang et al., 2017; Bou-Fakhreddine 
et al., 2018). Thermal stratification and the onset of lake 
overturn is a balance between the stabilizing effect of solar 
radiation heating the water surface, nocturnal back radiation, 
convective cooling of the surface, and the destabilizing effect 
of the shear velocity of wind at the surface. Understanding 
the diurnal variation in water surface temperature, Ts, could 
improve predictions of local lake evaporation, climate 
modeling, and global water cycle prediction.
It is difficult to measure Ts over the surface of a large body 
of water with typical in-situ techniques (Llewellyn-Jones et al., 
1993). Low-cost sensors such as thermistors or thermocouples 
must be mounted on a floating buoy with a power supply and 
data acquisition capability. Recent advancements in remote 
sensing from satellites allow for accurate measurements of 
Ts with reasonable spatial resolution (NASA, 2014; Sütterlin 
et al., 2015; Liu et al., 2015). The two moderate resolution 
imaging spectroradiometer (MODIS) satellites, Aqua and 
Terra, each globally measure Ts twice per day at a spatial 
resolution of 1,000 m (NASA, 2014). Although a temporal 
resolution of four satellite measurements of Ts per day may be 
sufficient for some applications—such as monthly, seasonal, 
or yearly trends—it may be insufficient for use in global 
climate modeling since the satellites are unlikely to measure 
the daily maximum and minimum Ts.
The thermal, hydrodynamic, and water quality of Lake 
Jocassee and Lake Keowee in the Savannah River Basin in 
South Carolina have been studied by the Army Corps in 
support of the relicensing of the nuclear and hydro-electric 
power generation systems (USACE, 2014). The thermal 
studies primarily focused on the height of the seasonal 
thermocline, the average epilimnion temperature, and the 
average bulk temperature. However, these studies did not 
model the daily behavior of the surface temperature.
Researchers have recently shown that diurnal variations 
in Ts could be simulated using a one-dimensional thermal 
model of a lake in combination with four daily satellite 
measurements of Ts (Hodges et al., 2016). The authors 
showed that the simulated Ts could be used to develop a 
function describing the diurnal variation in Ts  for a specific 
lake. The main objective of this study was to apply/extend the 
same simulation framework to predict the diurnal variation 
in Ts in the five major lakes in the Savannah River Basin 
(SRB) located in South Carolina and Georgia, and to develop 
a function describing the diurnal variation in Ts for each lake. 
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Each of the examined lakes were geographically close to each 
other, and thereby experience the same climatology; however, 
the physical characteristics such as area, coast length (or 
perimeter), depth, elevation, and shape can vary significantly. 
The goal of this work was to examine the impact of several of 
these lake characteristics on the diurnal variation of Ts.
METHODS
Lake surface temperature measurements, Ts, for each 
lake were obtained from the MODIS sensor onboard the 
Aqua and Terra satellites. The MODIS sensor provides 
global images at a 1-km resolution across several spectral 
bands. Aqua and Terra are in a sun-synchronous, near-polar 
circular orbit, which provides global measurements twice a 
day per satellite. Although the exact time each day changes 
slightly, Aqua measurements are generally at 01:30 a.m./
p.m. local time while Terra measurements are generally 
at 10:30 a.m./p.m. local time. Researchers have developed 
a land surface temperature product (LST) based on the 
long wave infrared MODIS bands 31 (11 µm) and 32 (12 
µm) (Wan, 1999). The LST product was developed for land; 
however, it is also able to provide measurements of water 
surface temperature (Phillips et al., 2016). In a previous 
study, each lake was examined using high-resolution images 
from Landsat 7-ETM to develop a mask of pixels that were 
land-free. The average Ts of the land-free pixels for each 
lake at each measurement time was used as an input to the 
model for the lake. The previous study identified a total of 6, 
1, 12, 3, and 19 land-free pixels for Lakes Jocassee, Keowee, 
Hartwell, Russell, and Thurmond, respectively (Phillips et 
al., 2016).
While four daily measurements of Ts can provide insight 
into the seasonal processes for each lake (Phillips et al., 
2016), this frequency is insufficient to determine the diurnal 
variation of Ts. However, by utilizing these measurements and 
simulating the change in temperature between them, a diurnal 
variation can be obtained. The hydrodynamic model used in 
this work is based on a classic approach solving for the heat 
transfer between the seasonal mixed layer, or epilimnion, and 
the bulk layer of the lake. In the model, Ts is considered to be 
equal to the epilimnion temperature. Physically, Ts will vary 
from the epilimnion temperature as the surface is heated and 
cooled more quickly than the seasonal layer. Although this 
will not capture the development of the seasonal mixed layer, 
Hodges et al. (2016) showed that the approach was able to 
predict Ts between satellite measurements on Lake Hartwell. 
The simulation software developed in the prior study was 
used to predict Ts between satellite measurements for each of 
the five lakes in this study. The increased temporal resolution 
of Ts predictions from the simulation software were averaged 
over all days in the period investigated (2002–2014) to obtain 
an average functional form for the diurnal variation in each 
lake. An overview of the simulation methodology of Hodges 
et al. (2016) is provided in the following paragraphs.
The simulations employ conservation of energy applied 
to the lake surface and to the mixed layer, as well as a 
turbulent kinetic energy balance applied to the mixed layer. 
By integrating these equations, Ts is obtained between the 
satellite measurements of Ts, at a time step ∆t that was set 
to 1 minute herein. Conservation of energy was applied to 
the surface of the lake following the method presented by 
Alcântara et al. (2010):
where ΦN is the net heat flux at the surface in W/m2, Φs is the 
flux of incident short wave radiation in W/m2, Φri is the flux 
of long wave radiation in W/m2, Φsf  is the sensible heat flux in 
W/m2, Ee is the energy flux due to evaporation in W/m2, and 
A is the albedo of water. Details regarding the calculation of 
each surface energy flux are provided by Hodges et al. (2016). 
Conservation of energy was also applied to the mixed layer 
depth, using the following equation:
where ρ0 is the reference water density in kg/m3, cp,w is the 
specific heat capacity of water in J/kg K, Ts is the surface 
temperature in K, ΦE is the energy flux due to entrainment 
in W/m2, ΦB is the energy flux due to heat transfer to the 
hypolimnion in W/m2, and Hm is the mixed layer depth in m. 
Details regarding the calculation of ΦE and ΦB are provided 
by Hodges et al. (2016). Finally, the system of equations is 
closed via a turbulent kinetic energy balance within the 
mixed layer, following the method presented by Fischer et 
al. (1979):
where  is the internal losses coefficient, α is the volumetric 
thermal expansion coefficient of water, g is the acceleration 
due to gravity, CT is the kinetic energy coefficient, and q* is 
the velocity scale describing the balance of shear and buoyant 
forces (Fischer et al., 1979). The control volume used for this 
analysis is shown in Figure 1.
Simulations were conducted for the period from 2002 
to 2014, with a time step of 1 minute to predict Ts between 
satellite measurements. The simulation procedure begins at 
the first satellite measurement within the period of record and 
marches sequentially through each satellite measurement. 
The initial mixed layer depth was fixed at 1 m and was tracked 
through the period of record. Equations (1) through (3) were 
solved between each pair of satellite measurements to predict 
(1)
(2)
(3)
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Ts and Hm. Th e solution procedure presented by Hodges et 
al. (2016) uses a fi xed, eff ective wind speed between satellite 
observations. Th e eff ective wind speed is iteratively solved 
within the range of 0 and 20 m/s to minimize errors at the 
next measured Ts. Th ere were occasions when no variation 
in wind speed resulted in the correct Ts due to fundamental 
processes not included in the model (such as precipitation). 
When this occurred,       (summer) or L (winter) were varied 
in addition to wind speed. Although this procedure will not 
fully resolve the hydrodynamic processes of lake mixing, this 
methodology was found to be suffi  cient to predict Ts between 
two satellite observations (Hodges et al., 2016).
Measurements of air temperature Ta, relative humidity 
φ, and bulk water temperature Tb were entered into the 
model. Values for Ta and φ were obtained from three 
diff erent weather stations. Th e choice of weather station was 
determined by proximity of the station to the center of the 
lake. Th e Oconee County Regional Airport (KCEU) was 
used for Lakes Keowee and Jocassee, the Anderson Regional 
Airport (KAND) was used for Lakes Hartwell and Russell, 
and the Augusta Regional Airport (KAGS) was used for Lake 
Th urmond (Nadolski, 1998). A map of the upper Savannah 
River Basin is provided in Figure 2.
Measurements of the bulk temperature of the lake, Tb, 
were available for Lake Hartwell from the United States Army 
Corps of Engineers (USACE) 6–12 times a year. To facilitate 
the simulations, a continuous function for Tb was needed. 
Each year of Tb data was fi t by a third-order polynomial in 
series and the data concatenated. Th e initial point of each 
year was fi xed as the fi nal point of the polynomial curve for 
the previous year to ensure continuity between years. For 
fi ve years (2004, 2006, 2007, 2013, and 2014), there were not 
enough measurements available to create a good fi t. For these 
years, the average yearly trend, obtained from the other years, 
was used, with a vertical off set based on the fi nal temperature 
from the previous year. Th e measured data and polynomial 
fi ts for Tb in Lake Hartwell are shown in Figure 3. Herein 
the Tb function defi ned for Lake Hartwell was used for the 
other four lakes since historical measurements of Tb were 
unavailable. Due to the way the mixed layer is treated in this 
approach, the model is not highly sensitive to the bulk layer 
temperature. Although the true Tb for each lake is diff erent, it 
was decided that using the same Tb for each lake in this study 
was suffi  cient since the focus was to predict Ts and it was not 
sensitive to Tb.
Th e root mean square deviation of the simulations from 
the satellite measurements was computed to quantify how 
well the simulation results match the satellite measurements 
of Ts:
Figure 2. Map of the lakes and weather stations in the Savannah 
River Basin on the border between South Carolina and Georgia . 
Data courtesy of USACE .
Figure 1. Control volume of the mixed layer where Hm is the mixed layer 
depth, H is the lake depth, ρ0 is the reference water density, Cp,w is the 
specifi c heat capacity of water, Ts is the mixed layer temperature, Tb
is the bulk lake temperature, ΦN is the net surface fl ux, and ΦE is the 
energy fl ux due to entrainment .
Figure 3. Lake Hartwell bulk temperature, Tb, versus year along with 
yearly poly fi t .
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where n is the satellite measurement number,  is the 
nth satellite surface temperature measurement, is the 
simulation surface temperature at the time of the nth
atellite measurement, and N is the total number of satellite 
measurements.
Following the method presented by Hodges et al. (2016), 
the time traces of Ts were made dimensionless in both 
temperature and time using the following equations:
where * indicates the dimensionless variable and the 
subscripts min and max denote the minimum and maximum 
temperatures of that day; t is local time in hours, and the 
subscripts set and rise correspond to sunset and sunrise 
local time, in hours. Th us T* is bounded between 0 and 1; 
t* = 0 at sunrise is unity at sunset and increases to a max of 
2 at sunrise on the next day. Using this scaling ensures that 
the growth of the diurnal thermocline begins at the same t*
every day, which is useful for averaging across multiple days 
and seasons.
RESULTS
Surface temperature (K) was calculated between MODIS 
measurements of Ts for the fi ve major lakes in the Savannah 
River Basin. Surface temperatures were simulated from July 
2002 (the fi rst time where all four daily Ts measurements 
from MODIS were available) to July 2014 for Lakes Keowee, 
Hartwell, and Russell. Lakes Jocassee and Keowee were 
simulated from 2006 to 2014 due to limited availability 
of KCEU measurements (Ta and φ) for earlier years. Th e 
simulations of Ts for Lakes Jocassee, Keowee, Hartwell, 
Russell, and Th urmond are presented in Figure 4, revealing 
the annual and inter-annual variation in Ts.
Th e root mean square error of the simulation predicted 
Ts and the satellite observed Ts for Lakes Jocassee, Keowee, 
Hartwell, Russell, and Th urmond, Trms were 1.5 K, 2.7 K, 
1.4 K, 2.0 K, and 1.5 K, respectively. Th ere are some instances 
where the simulation results for Ts deviate signifi cantly from 
any of the measured values. However, these instances are 
rare. Indeed, for all of the lakes, Ts deviates from the entire 
max/min for the satellite data set less than 0.1% of the time. 
Th ese deviations occur when the simulation predicts Hm
decreasing close to 0 (which results in large changes in Ts for 
small changes in surface fl uxes). Th ese points were omitted 
in the averaging process and therefore had no impact on the 
processed results presented here.
By averaging the T* versus t* data for each day over the 
entire period of record for each lake, the averaged diurnal 
variation was obtained. Th is was fi t to a function of the form:
where k is the harmonic,  is the dimensionless frequency 
of the harmonic obtained through the Fourier transform of 
the average diurnal cycle in t*, Bk is the amplitude of each 
Fourier component, ψk is the phase shift  for each Fourier 
component, and D is a DC off set. Equation (7) has nine 
unknown constants (Bk, k = 1 − 4, ψk, k = 1 − 4, and D), 
yet there are only four  measurements in a given day. Th e 
iterative solution was also used to obtain the optimal values 
of (Bk, ψk, D) for the (T*, t*) data for each of the fi ve lakes. Th e 
constants developed for each lake are presented in Table 1. 
Figure 4. Lake surface temperature, Ts in K versus time, t in years from 
simulation results for Lakes (a) Jocassee, (b) Keowee, (c) Hartwell, (d) 
Russell, and (e) Thurmond .
Figure 5. Plots of  versus t* obtained from Equation (7) .
(4)
(5)
(6)
(7)
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Th e resulting versions of Equation (7) for each of the fi ve 
lakes are presented in Figure 5.
DISCUSSION
Lakes Jocassee, Keowee, Hartwell, Russell, and 
Th urmond are geographically very close to each other 
and therefore experience, essentially, the same weather 
conditions, as shown in Figure 6 where the monthly averaged 
air temperature, relative humidity, and wind speed data 
from each weather station are compared. However, several 
aspects of these lakes diff er. Th is is shown in Table 2, which 
reveals signifi cant diff erences in the depth, H, surface area, 
As, and shoreline length, C, of these lakes. In spite of these 
diff erences, as Figure 5 shows, there is almost no diff erence 
in the averaged diurnal variation in Ts when presented in 
dimensionless form according to Equations (5) and (6). 
Th is suggests a certain robustness in the diurnal variation of 
lake surface temperature when considered in dimensionless 
form, although whether this robustness holds up for lakes 
experiencing diff erent meteorological conditions would 
require further research.
Of course, by making the Ts versus t data dimensionless, 
signifi cant variations are purposely masked and such 
variations may provide useful information. To further 
develop an understanding of how these lakes are similar and 
diff erent, the results presented in Figure 5 were reprocessed 
in two additional ways, each using the same t* as used in 
Figure 5, but scaling Ts diff erently. First, the daily time traces 
of Ts versus t* were averaged over the entire period of record 
for each lake. Th e resulting diurnal cycle is the average day 
for the entire data set, in Kelvins. Th e results are presented in 
Figure 7. Th is method has the advantage of showing vertical 
off sets in yearly average temperatures between the lakes.
In the second method, the daily mean is subtracted from 
each daily Ts versus t* time trace, and then all of the days in 
the period of record are averaged together for each lake. Th is 
yields a time trace of the deviation from the daily mean Ts for 
the simulation. Th e results of this approach are presented in 
Table 1. Constant values for Equation (7) for lakes in the Savannah River Basin .
Lake D
Jocassee 0.4640 0.1078 0.0033 0.0194 1.04 2.86 3.79 2.90 -0.4315
Keowee 0.4595 0.1210 0.0104 0.0170 1.03 2.73 3.68 3.15 -0.4395
Hartwell 0.4547 0.1182 0.0041 0.0241 1.04 2.81 6.85 2.86 -0.4354
Russell 0.4662 0.1277 0.0072 0.0181 0.98 2.74 3.60 3.07 -0.4285
Th urmond 0.4667 0.1139 0.0051 0.0233 0.98 2.71 3.09 3.19 -0.4315
(a) Air temperature
(b) Relative humidity
(c) Wind speed
Figure 6. Comparison of monthly average data from AND, CEU, and GMU 
weather stations for air temperature, relative humidity, and wind speed .
Figure 7. Ts versus t
* time trace obtained by averaging all daily time 
traces for the period of record .
Journal of South Carolina Water Resources 23 Volume 6, Issue 1 (2019)  
Diurnal Variation in Lake Surface Temperature for Five Major Lakes of Savannah River Basin
order discontinuity in Ts predicted by the simulation in day 6 
of Figure 9 likely does not predict the real variation in Ts. 
Th is diff erence could come from any number of factors that 
are not considered in this work. Examples include movement 
of a front into the region, a sudden change from clear 
skies to very overcast conditions and precipitation. Using 
precipitation as an example, a summer storm coming in aft er 
the fi rst daytime Tsat measurement would cause the second 
daytime Tsat measurement to drop signifi cantly. Th is adds 
uncertainty to the simulation, which, even aft er averaging 
over many days, still appears in the diurnal average.
We now seek to determine if the lake-to-lake diff erences 
shown in Figures 7 and 8 are related to any of the physical lake 
characteristics presented in Table 2. Observing the trends of 
Ts versus t* shown in Figure 7, the ordering of lakes from 
Figure 8. Th is method has the advantage of showing which 
lakes experience the greatest range of temperature change on 
an average day.
It is noted that in Figures 7 and 8, the actual Ts simulations 
are presented, not the Fourier fi t which was shown in Figure 5. 
Th is is why Figures 7 and 8 are somewhat noisier. Th e abrupt 
change in temperature observed in Figures 7 and 8 between 
t* = 0.4 and t* = 0.5 is an artifact of the simulation algorithm. 
Th e algorithm iterates over wind speed between satellite 
measurements of Tsat. Th ere are times (primarily in the 
middle of the aft ernoon) where two satellite measurements 
are very diff erent. When disagreement with  is observed, the 
simulation will iterate over a second parameter causing Hm to 
change rapidly, which results in Ts changing rapidly as well. 
An example of this result is shown in Figure 9. Th e second-
Figure 8. Ts versus t
* time trace where the daily mean is subtracted 
from each day and then all days are averaged over the period of record .
Figure 9. Surface temperature, Ts, in K versus day for from simulation 
results for a typical week where both  and  are large . (a) Satellite 
measurements only . (b) Satellite measurements and simulation 
results .
Figure 10. Average Ts from each lake diurnal cycle versus shoreline 
length for the four lakes in the Savannah River Basin .
Figure 11. Average Ts from each lake diurnal cycle versus surface area 
for the four lakes in the Savannah River Basin .
Table 2. Physical characteristics of lakes in the Savannah River Basin where Havg is the average lake depth, Hmax
is the max lake depth, C is the shoreline length, and As is the lake surface area .
Lake Lat Lon Elev Havg Hmax C As
Jocassee 34.96˚N 82.92˚W 340 m 48 m 110 m 121 km 30 km2
Keowee 34.80˚N 82.89˚W 240 m 16 m 90 m 480 km 100 km2
Hartwell 34.47˚N 82.85˚W 201 m 14 m 56 m 1,548 km 230 km2
Russell 34.09˚N 82.63˚W 145 m 12 m 45 m 870 km 108 km2
Th urmond 33.66˚N 82.20˚W 100 m 11 m 42 m 1,900 km 288 km2
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the highest average Ts to the lowest are: Keowee, Th urmond, 
Hartwell, Russell, and Jocassee. None of the parameters listed 
in Table 2 follow this same trend. However, Lake Keowee is 
a heat sink for the Duke Energy Oconee Nuclear Station 
(ONS), and this excess energy may cause Lake Keowee’s Ts
results in Figure 7 to be an outlier. Th e likelihood of this is 
supported by the experimental work of Oliver and Hudson 
(1987) where Ts was observed to increase by 4 K when ONS 
became operational. Neglecting Lake Keowee, computing 
the average over the diurnal cycle  for the data in Figure 
7, and plotting this versus As and C for the remaining four 
lakes reveals a monotonically increasing trend in both cases, 
as shown in Figures 10 and 11, respectively.
Both C and As generally increase as the size of the lake 
increases. However, it is not immediately apparent why a 
larger lake would have a higher  than a smaller lake under 
similar meteorological conditions. One possible explanation 
for the increase in presented in Figures 10 and 11 can be 
explained by the existence and extent of dendrites in the 
lakeshore outline. Many lakes contain inlets, outlets, bays, 
and coves, which can account for a substantial amount of As
and C. In the SRB, these embayments can have signifi cantly 
more sediment due to infl ows, which may reduce the optical 
clarity of the water. Th is would result in solar insolation 
being absorbed into a thinner surface mixed layer, which 
would lead to elevated surface temperatures. In addition, 
many of these dendrites generally have a smaller depth than 
that of the rest of the lake. In some instances, these dendrites 
are shallow enough that solar radiation may penetrate to the 
bottom of the lake, thereby creating a buoyantly unstable 
system that causes the water to fully mix in this area. Both 
of these eff ects can result in larger Ts in dendrites than for 
the rest of the lake. Wind across the surface and circulation 
within the lake can spread these higher Ts regions toward 
the center of the lake. Th us, it would make sense for lakes 
with a higher proportion of dendrites to have a higher . To 
quantify the dendrites in the SRB, the ratio
Figure 12. Comparison of Lake Jocassee (Dr = 6 .2) and Lake Hartwell 
(Dr = 28 .8) . Note that the two lakes have been scaled to appear the 
same size to better present the dendrites .
Figure 13. Average Ts from each lake diurnal cycle versus dendritic 
ratio for four of the lakes in the Savannah River Basin .
was used, where Dr is the dendritic ratio (also called the 
shoreline development number), C is the shoreline length 
of the lake, and P is the perimeter of a circle with a surface 
area equal to that of the lake. Th us, Dr is the ratio of the 
actual shoreline length to the minimum possible shoreline 
length, which correlates to how prevalent dendrites are. As 
an example, the outline of Lake Jocassee (Dr = 6.2) and Lake 
Hartwell (Dr = 28.8) are shown side by side in Figure 12. 
Values for Dr for each lake in the SRB are presented in Table 
3. A plot of  versus Dr is presented in Figure 13, which shows 
that  increases monotonically with Dr, which supports the 
theory that the prevalence of dendrites aff ects .
To better show the relationships between C, As, and Dr, 
Equation 8 can be rewritten as the following:
According to Equation 9, as As increases, Dr should 
decrease, and as C increases, Dr should increase. Figure 14 
shows that the lakes in this work follow the expected trend 
of Dr and C being directly correlated. However, Figure 15 
shows that  also monotonically increases with Dr within the 
SRB. Th is increase in the prevalence of dendrites as lake size 
increases in the SRB is due to C increasing proportionally 
more than  in these lakes. Th is is likely due to an increase 
in tributary basins as lake size increases in the SRB. Th us, 
the trends observed in Figures 10 and 11 may not be true 
of other basins that may have diff erent inlet and outlet 
conditions. Although  scales similarly with As, C, and Dr
for the lakes examined in this work, using Dr provides a 
physical explanation for why  would behave in this way. 
However, additional data from lakes with varying Dr having 
diff erent combinations of large and small As and C would be 
needed to test this hypothesis.
Plots of the deviation from the mean of Ts versus 
shown in Figure 8 indicates that Lakes Keowee and Russell 
(8)
(9)
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Table 3. Dendritic ratio, Dr, for the lakes in the SRB .
Lake Jocassee Keowee Hartwell Russell Th urmond
Dr 6.2 13.5 28.8 23.6 31.6
Figure 14. Lake Dr versus C for each of the lakes in the SRB .
Figure 15. Lake Dr versus As for each of the lakes in the SRB .
experience the largest range of temperature change in 
the average diurnal cycle, whereas the other three lakes 
(Hartwell, Jocassee, and Th urmond) experience essentially 
the same trend. Th is means that on an average day, Ts on 
Lakes Keowee and Russell will change more than on Lakes 
Hartwell, Jocassee, and Th urmond. It is intriguing that Lakes 
Hartwell, Jocassee, and Th urmond experience a similar 
trend, as Lake Jocassee is much deeper than the other two. 
Th is suggests that variations in the parameters listed in 
Table 2 do not aff ect the range of temperature change on a 
daily basis. However, signifi cant diff erences in latitude and 
longitude were not considered in this work, which seem 
to be the parameters most likely to cause deviation in this 
averaging method by increasing or decreasing the length of 
day. None of the parameters cataloged in Table 2 explain the 
deviation in Lakes Keowee and Russell from the other lakes. 
However, if Lake Keowee is discounted for the same reasons 
discussed above, then the only outlier is Lake Russell.
It is possible that using Tb measurements from Lake 
Hartwell for all fi ve lakes, as was done herein, could lead to 
an overestimation of the collapse in the diurnal function. 
However, in the development of the model for Lake Hartwell, 
changing Tb aff ected the solution for Hm in the model but did 
not signifi cantly aff ect Ts. Th is is because the model calculates 
an eff ective mixed layer depth that best fi ts the  measurements 
from the MODIS instruments. Th us, changing Tb would not 
aff ect the Ts solution unless it was very diff erent (Hodges et 
al., 2016).
To confi rm that the trend observed in Figure 7 was not 
aff ected by the use of Lake Hartwell bulk measurements for 
all the lakes, the average Tsat at each satellite overpass time was 
computed. Th ese measurements were obtained directly from 
MODIS and were not aff ected by any assumptions made in 
the simulation. Th ese average measurements are presented in 
Figure 16, along with the simulations presented in Figure 7. 
Th e order from minimum to maximum  follows the same 
trend as that of the simulation results shown in Figure 17, 
which is a plot of  versus for each of the fi ve lakes. Here, 
 is computed by averaging Tsat for the diurnal cycle for each 
lake shown in Figure 7.  is computed by averaging Tsat
shown in Figure 16 for each lake. Th is further demonstrates 
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Table 4.  for the satellite measurements on each lake .
Lake Jocassee Keowee Hartwell Russell Th urmond
289.8 292.4 21.1 290.8 291.2
289.3 291.2 290.1 289.6 290.3
Figure 16. Ts versus t
* time trace obtained by averaging all daily time traces for the 
period of record with average Tsat .
Figure 17.  and  from each lake diurnal cycle for fi ve of the lakes in the 
Savannah River Basin .
that the variation in average surface temperature from lake to 
lake follows the same trend in the simulation results and in 
the MODIS measurements. Th e values of both  and  are 
presented in Table 4. Th e satellite average temperatures were 
generally higher than the simulation average temperatures at 
the same t*. Th is is likely due to  being limited to clear-sky 
days, since MODIS cannot provide  through clouds. However, 
the simulation predicts Ts for cloudy days even when there 
are  dropouts. Since cloudy days would experience less solar 
insolation, these days would have a lower average Ts.
CONCLUSION
Simulations of hourly surface temperature, Ts, were 
performed on the fi ve major lakes in the Savannah River 
Basin located in South Carolina and Georgia: Lakes Jocassee, 
Keowee, Hartwell, Russell, and Th urmond. Simulations were 
conducted using measurements of ambient atmospheric 
conditions from three airports near the lakes—the Oconee 
County Regional Airport, the Anderson Regional Airport, and 
the Augusta Regional Airport—along with bulk temperature 
measurements from USACE and four daily satellite-based 
measurements of Ts from the MODIS sensors on NASA’s 
two satellites, Aqua and Terra. Th e simulation results were 
collapsed based on daily temperature extrema and daily 
sunrise and sunset times at each of the lake study sites.
Th e average diurnal trends from each of the lakes 
were found to collapse to similar functions using the 
nondimensional temperature and time scales presented in 
this work. Th e consistency of the results for each of the lakes 
implies generality to all warm, monomictic lakes. However, 
the diurnal cycle of the dimensional temperature versus 
time does show diff erences between the lakes, generally 
scaling with shoreline length and surface area of the lake. 
A dendritic ratio was defi ned, which collapsed the eff ects of 
shoreline length and surface area on . Future investigations 
comparing these results to those of warm, monomictic 
lakes in other regions of the world would be illuminating. 
Additionally, future work investigating polymictic and 
bimictic lakes using the method presented by Hodges et al. 
(2016) could lead to a greater understanding of the general 
diurnal variation on all inland lakes and reservoirs.
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INTRODUCTION
Floods are one of the most common and costly hazards 
in the United States. According to the National Weather 
Service (NWS), flood-related deaths on average are higher 
than fatalities from lightning or tornadoes (National Weather 
Service, 2016). South Carolina is vulnerable to multiple types 
of flooding, and flooding can occur during any month of the 
year in the state. Many factors can contribute to the impact 
of flooding caused by heavy rains, including topography and 
the development of land, along with antecedent conditions 
such as soil moisture and drought conditions.
While flooding is usually confined to the floodplain, 
floods can occur anywhere across the state. Areas near 
coastal inundation zones, streams, and rivers are more 
likely to experience flooding, even if they are outside of the 
designated 100-year floodplain. According to the Federal 
Emergency Management Agency’s (FEMA) National Flood 
Insurance Program (NFIP) (Floodsmart, “Why Buy Flood 
Insurance?”; SCDNR, 2008), more than 20% of flood claims 
are made from outside of the regulated floodplain, and 
since 2004, FEMA and the South Carolina Flood Mitigation 
Program have made multiple improvements in mapping and 
modeling the special flood hazard area across the state.
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With the advancements of software packages and data visualization, much of the analysis and information on the 
impact and historical perspective of the rainfall from Tropical Storm Florence included in our online ERSI Story Map is 
not viable to translate into the print format standards required by many publications. However, with the newly enacted 
Journal of South Carolina Resources policy, our article creates a precedent in how the Journal will address submittals 
that include subject matter available on the internet, by permanently archiving the information, and applying a 
structured peer-review process to the content.
Abstract. For the third time in four years, record-breaking flooding occurred in South Carolina. Hurricane 
Florence, which made landfall near Wrightsville Beach, North Carolina, on September 14, 2018, moved slowly 
across South Carolina from September 14–17, 2018. Over those four days, heavy rain fell over portions of the Pee 
Dee Watershed and eastern North Carolina, with over 30 inches of rain measured by an observer in Swansboro, 
North Carolina. Most of the excessive rainfall was confined to the Pee Dee region, with reported totals of over 24 
inches in Horry County, while closer to the Savannah River Valley observers measured less than an inch of rain. 
Unlike the more recent flooding events across the state, not as many rainfall records were set during this event. 
The amount of rainfall at various locations, and at different time intervals (1-day, 2-day, 3-day, and 4-day), had 
a statistical probability of occurrence of 0.1%, or 1 in 1,000 chance of happening in any given year, according 
to the National Oceanic and Atmospheric Administration (NOAA) Atlas 14 (Bonnin et al., 2004). The rainfall 
associated with Hurricane Florence produced a long duration and significant flood that impacted many of the 
same communities still recovering from the October 2015 floods and Hurricane Matthew in 2016. Many of the 
rivers and streams within the Pee Dee Watershed experienced major or extreme flooding, with six stream gauges 
reaching record peaks, some surpassing the records set in 2016. This report provides an overview of the antecedent 
conditions, a synoptic summary of the event, and documentation on the meteorological and hydrological impacts 
observed across the Palmetto State.
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HYDROMETEOROLOGICAL EVOLUTION
On May 29, 2018, the South Carolina Drought Response 
Committee met and voted to change the drought status of 
13 counties from incipient drought conditions to normal 
conditions based on above-average rainfall totals, increased 
stream flows, and surface- and groundwater supplies. 
It marked the first time in two years that all 46 counties 
across the state were drought-free. Over the course of the 
summer, the combination of above-normal temperatures 
and below-normal rainfall across portions of the state 
led to the reintroduction of drought. The United States 
Drought Monitor started designating areas of dry conditions 
(D0) in much of the Midlands and Pee Dee regions, while 
portions of Chester, Chesterfield, Fairfield, Lancaster, and 
Kershaw counties reported moderate drought conditions 
(D1). Streamflow values across the same regions were below 
normal, and rivers such as the Little Pee Dee at Galivants and 
the Lynches at Bishopville were near record low flows. As 
the conditions began to warrant the potential reintroduction 
of drought into portions of the Pee Dee region, a statewide 
drought call was scheduled for Thursday, September 13, but 
was eventually canceled as the state began preparations for 
Hurricane Florence.
HURRICANE FLORENCE CHRONOLOGY
On August 30, 2018, the National Hurricane Center 
(NHC) designated a developing area of low pressure and 
disturbed weather 100 miles off the west coast of Africa as 
Potential Tropical Cyclone Six (PTC 6) that would eventually 
become Hurricane Florence. The NHC upgraded PTC 6 to 
a tropical depression on August 31 after it developed a well-
defined circulation and cyclonically curved banding in a low 
shear environment. This low-shear environment supported 
the increased strengthening of the convection, causing 
NHC to quickly reclassify the depression as Tropical Storm 
Florence on the early morning advisory of September 1. 
The storm unexpectedly, rapidly intensified into a 130-mph 
hurricane over the warm mid-Atlantic surface waters on 
September 5, despite the southern proximity of the hurricane 
to an area of strong vertical shear. Florence underwent 
multiple cycles of weakening and rapid intensification as it 
moved across the Atlantic, and along with the cycles, the 
storm’s unique track due to the position and strength of an 
upper-level ridge kept the entire Eastern Seaboard on edge 
with its approach. By September 12, Florence was centered 
450 miles east-southeast of Charleston and was moving on 
a northwesterly course toward the Carolina coastline at 16 
mph (Figure 1). The upper-level ridge weakened and shifted 
northeast of Florence on September 13, causing the storm to 
slow to 6 mph and turn slowly to a more westerly course over 
cooler, upwelled shelf waters. Dry air entrainment weakened 
the eyewall complex, and aircraft reconnaissance data and 
coastal radar images supported an intensity downgrade to 
85 knots (97 mph) on the NHC’s 5:00 p.m. advisory. Despite 
the light, low-level shear and proximity to the deep, warm 
waters of the Gulf Stream, Florence’s intensity changed little 
overnight. At 5:00 a.m. on Friday, September 14, Hurricane 
Florence was within 20 miles of the North Carolina coast 
with 90-mph winds. At 7:15 a.m., Florence made landfall 
near Wrightsville Beach with estimated maximum sustained 
winds of 90 mph and a central pressure of 958 mb. Maximum 
sustained winds of 64 mph with a gust of up to 105 mph were 
recorded at the NWS Office in Wilmington. A mid-level 
blocking ridge across the Upper Midwest, weak steering, and 
frictional surface effects slowed Florence to a 3-mph crawl 
Figure 1. Track map of intensity and position of Hurricane Florence from September 13 
through September 17, 2018 .
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across the southern inland coast of North Carolina. Florence 
weakened rapidly to a tropical storm before crossing into 
South Carolina’s Horry County at 5:00 p.m. with sustained 
winds of 38 mph, with occasional gusts of up to 61 mph. The 
storm’s slow forward speed, and its wind-field expansion due 
to the frictional effects, kept a strong surface inflow channel 
locked over eastern North Carolina and the Pee Dee region 
of South Carolina for the next 48 hours. Florence crept slowly 
westward over South Carolina on September 15. As the winds 
continued to decay, Florence was downgraded to a tropical 
depression by the morning of September 16 over central 
South Carolina, and gradually turned to the north during 
the day. The remnants of Florence moved into western North 
Carolina by September 17, then continued to accelerate away 
from the region.
RAINFALL ANALYSIS AND SUMMARY
Due to the slow movement of Florence, many locations 
in the Pee Dee region of the state experienced 4 consecutive 
days of heavy precipitation. As the storm moved closer to the 
Carolina coast, forecast models started to predict the stall and 
slow progression of the system across the region. The initial 
quantitative precipitation forecasts (QPF) issued by the NWS 
the Monday before Florence made landfall suggested that 
rainfall totals of up to 7 inches could be seen in the South 
Carolina portions of the Pee Dee Watershed, with higher 
amounts forecasted across southeastern North Carolina. 
Once it was apparent the forward motion of the storm 
would decrease and Florence would linger over the area, the 
forecasted totals increased to between 10 and 20 inches for the 
same region (Figure 2). In total, over 30 inches of rain fell in 
portions of North Carolina over the 4 days of September 14–
17, while some locations within South Carolina approached 
24 inches of rain from Florence. The highest 4-day rainfall 
total measured in South Carolina from Florence was 23.63 
inches, from a volunteer with the Community Collaborative 
Rain, Hail, and Snow Network (CoCoRaHS) near Loris in 
Horry County. Another CoCoRaHS observer in the same 
area reported a 4-day total of 23.18 inches. The 23.63-inch 
total reported from the CoCoRaHS station Loris 2.9 WSW 
was accepted by the NWS Weather Prediction Center as the 
record for maximum rainfall caused by a North Atlantic 
Tropical cyclone and their remnants for South Carolina, 
replacing the total of 17.45 inches from Tropical Storm Beryl 
in 1994 (Roth, 2018).
Figure 3 provides the average return interval (ARI) for 
the highest rainfall totals that fell during the 4-day event for 
the Loris 2.9 WSW CoCoRaHS site, using the data provided 
from the NOAA Atlas 14, Volume 2 (Bonnin et al., 2004). 
This graph illustrates the 1-day, 2-day, 3-day, and 4-day 
rainfall totals and their respective ARI values for the station. 
The observed 1-day rainfall total equates to a 100-year event, 
which in terms of annual exceedance probability (AEP) 
is equal to a 1% probability of occurring in any given year. 
The 3- and 4-day totals surpass the 1,000-year event (AEP of 
0.1%) at the location.
A spatial analysis comparing the observed rainfall data 
from Florence against the current and the ARI values was 
completed for the entire state. More than 8% of the state’s 
land received a 4-day rainfall total over the 500-year ARI 
(AEP = .2%), most of which fell within the Pee Dee River 
Basin. This information was then used to compare the regions 
impacted by Florence with those affected during the October 
2015 floods and Hurricane Matthew. Portions of Dillon, 
Florence, Georgetown, Horry, Marion, and Williamsburg 
Counties experienced their third 100-year ARI (AEP = 1%) 
event since 2015 (Figure 4). The maps in Figure 5 provide 
the spatial expanse of the highest rainfall totals and ARI 
observed during the three individual events.
Figure 2. (a) The 7-day quantitative precipitation forecasts (QPF) issued by the National Weather Service Weather Prediction Center on September 
9, 2018, and (b) the 3-day QPF totals issued on September 13, 2018 .
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Figure 3. Average return interval (ARI) graph illustrates the average period, in years, between exceedances of the rainfall observed at the 
Loris 2 .9 SWS CoCoRaHS station .
Figure 4. Overlaid average return interval (ARI) data of the observed rainfall totals from the October 2015 fl oods, Hurricane 
Matthew (2016), and Tropical Cyclone Florence (2018) . Data used to create these fi gures was provided by MetStat, Inc . for 
the SC State Climate Offi ce .
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Figure 5. (a, c, e) 4-day highest rainfall totals and (b, d, f) highest average return intervals (ARI) occurring for the three separate flooding events 
in South Carolina: Tropical Cyclone Florence (a, b), Hurricane Matthew (c, d), and the October 2015 floods (e, f) . These grids were generated 
by MetStat, Inc . for the SC State Climate Office, by translating observed rainfall from daily and hourly stations, with dual-pol radar precipitation 
estimates, into its equivalent ARI values from the NOAA Atlas 14 .
(a) (b)
(c)
(e) (f)
(d)
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Daily precipitation data are examined from the United 
States Historical Climate Network (Menne and Williams, 
2012) archived at the National Centers for Environmental 
Information (NCEI) to determine the historical perspective 
of the recent rainfall events located in the South Carolina 
portion of the Pee Dee Watershed. Stations were selected 
based on the length of the period of record and the percent 
of missing data. Time series of historical rainfall events at 
each station were created using the highest 1-, 2-, 3-, and 
4-day rainfall events per year. A timeline graphic of the data 
provides a perspective of the extreme rainfall across the 
watershed (Figure 6).
Data from Figure 6 demonstrate that the recent rainfall 
observed within the South Carolina portion of the Pee Dee 
Watershed is unprecedented, and many locations have not 
experienced multiple 100-year (1%) or higher events since 
2015. At no other time in the data record has the signal been 
observed. Data from the timeline indicate three separate, 
widespread 4-day rainfall events that exceeded the 100-
year (1%) and impacted the watershed before 2015: 1916, 
1928, and 1945. According to river crest data provided by 
the Southeast River Forecast Center and the US Geological 
Survey (Feaster, 2018), most of the listed historic crests on 
rivers within the portions of the watershed, before 2015, 
occurred during September 1928 (Okeechobee Hurricane), 
September 1945 (Homestead Hurricane), and September 
1999 (Hurricane Floyd), as shown in Table 1.
While these values provide a measure of the rarity for 
observed or forecasted rainfall and explain the likelihood of 
Figure 6. Timeline of the 4-day maximum rainfall events along the Pee Dee Watershed . Each line represents the period of record 
for an individual station, and the diamonds indicate an occurrence of maximum rainfall meeting the threshold (100-year) for the 
analysis . The color of the diamond represents the ARI (AEP) of the event . The gray diamond for the Dillon station indicates that 
while the event met or exceeded the threshold, the data did not pass quality control .
Table 1. Table of historic crests (stage heights) across portions 
of the Pee Dee Watershed prior to 2015 . Period of record (POR) 
based on the number of years ending as of 2018 .
Historical Crests Prior to 2015
Gauge Location/
Notes
Stage (ft)
Date of 
Occurrence
POR (# of 
years)
Black Creek below 
Chesterfield
10.07 11/23/2006 13
Black Creek near 
Quinby
16.80 09/10/2004 17
Little Pee Dee 
River at Galivants 
Ferry
16.00 09/15/1928 77
Lynches River near 
Bishopville
22.35 09/19/1945 76
Pee Dee River near 
Bennettsville
89.94 04/12/2003 27
Pee Dee River at 
Pee Dee
33.30 09/22/1945 80
Pee Dee River 
below Pee Dee
NA NA 22
Pee Dee River 
at Hwy 701 near 
Bucksport
19.54 04/12/2003 15
Waccamaw River 
near Longs
17.94 09/22/1999 68
Waccamaw River at 
Conway Marina
17.64 09/27/1999 24
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an event, there is no one-to-one relationship between rain 
and fl ood events. Multiple factors other than rain determine 
the occurrence of a fl ood, including basin size, duration of 
rain, antecedent soil conditions, and land use.
STREAMFLOW RECORDS
Most of the heaviest rain occurred in North Carolina 
within the Yadkin-Pee Dee Watershed, which starts in the 
foothills of the Blue Ridge Mountains and drains through 
one outlet to the Atlantic Ocean, Winyah Bay in Georgetown 
County (Figure 7). Th e amount of water left  behind in 
Florence’s wake caused catastrophic fl ooding along the 
river systems within the Pee Dee Watershed, including 
major rivers such as the Pee Dee, Little Pee Dee, Lynches, 
and Waccamaw. Th e fl ooding along these blackwater rivers 
was not only destructive in the intensity of the rise of each 
river, but also in the duration of fl ooding that occurred. Th e 
Waccamaw River at Conway rose above major fl ood stage (14 
Table 2. Table of US Geological Survey peak fl ow and peak stage data from Florence compared to historical records at the 
same site . Period of record (POR) based on the number of years ending as of 2018 .
Hurricane Florence Peaks Historical Records
Gauge Location/
Notes
Stage (ft ) Flow (cfs)
Day 
(September)
Rank/
POR (# of 
years)
Stage (ft ) Flow (cfs) Year
Black Creek below 
Chesterfi eld
11.99 3,690 17 1/13 10.07 1,480 2006
Black Creek near 
Quinby
17.37 6,880 17 1/17 16.81 6,530 2015
Little Pee Dee River 
at Galivants Ferry1
17.21 66,900 21 1/77 17.10 59,300 2016
Lynches River near 
Bishopville
18.22 18,000 18 2/76 22.35 29,400 1945
Pee Dee River near 
Bennettsville
93.06 192,000 18 1/27 89.94 124,000 2003
Pee Dee River at Pee 
Dee2
31.83 132,000 21 2/80 33.30 220,000 1945
Pee Dee River below 
Pee Dee2
36.96 139,000 21 1/22 33.96 99,000 2003
Pee Dee River 
at Hwy 701 near 
Bucksport3
25.00 136,000 26 1/15 22.60 124,000 2016
Waccamaw River 
near Longs
20.22 57,500 20 1/68 17.94 28,200 1999
Waccamaw River at 
Conway Marina4
21.16 49,000 26 1/24 17.64 24,100 1999
1Based on a historical fl ood mark, September 2018 peak is likely the largest at this location since at least 1928 .
2Streamfl ow regulated by six powerplants above this station .
3Regulated and tidally infl uenced, which is overcome by basin runoff at high fl ows .
4Tidally infl uenced, which is overcome by basin run off at high fl ows .
Figure 7. Map of the Yadkin-Pee Dee and Santee River Basins overlaid 
with quantitative precipitation estimate (QPE) data from NOAA’s 
Advanced Hydrological Prediction Service .
Journal of South Carolina Water Resources 35 Volume 6, Issue 1 (2019)  
Historic Rainfall and Record-Breaking Flooding from Hurricane Florence in Pee Dee Watershed
ft) on September 17, cresting at 21.16 ft on September 26, and 
remained above major flood stage until October 7. The USGS 
peak streamflow and peak stage data for the event indicate 
that eight new records were set along portions of the Pee Dee 
River Basin, with additional stream gauges recording peaks 
that were the second highest on record, as presented in Table 
2 (Feaster, 2018).
CONCLUSIONS
Over the course of Florence’s lingering impacts on the 
state, emergency responders conducted 129 water rescues 
and over 1,000 assisted evacuations. The storm displaced 
nearly 8,000 people, and 233 roads were closed due to 
flooding. The total estimated cost of the disaster is $24 billion 
(Smith et al., 2019). To most, Florence may be a memory, 
but many communities are faced with the hard decision of 
rebuilding once again. South Carolina’s unique topography, 
its geographical location that is influenced by moisture 
from the Gulf of Mexico and the Atlantic Ocean, and its 
susceptibility to landfalling tropical systems make it possible 
for flooding to occur anywhere within the state. From short-
term flash flooding to the large-scale watershed flooding 
that occurred during Florence, these events highlight the 
need for improved flood modeling studies, mitigation, 
proactive floodplain management, and increased rainfall and 
streamflow monitoring.
A comprehensive interactive story map of the flooding 
caused by Tropical Cyclone Florence is available online at 
http://www.dnr.sc.gov/florence2018.
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INTRODUCTION
Hurricane Florence (September 14–17, 2018) was the 
most recent occurrence of unprecedented rainfall in Coastal 
South Carolina over the last four years. The frontal interaction 
with Hurricane Joaquin in 2015, Hurricane Matthew in 
2016, and Hurricane Florence in 2018 produced local rainfall 
totals larger than had ever been measured prior to the 
storms. By September 20 the Waccamaw River nears Longs, 
South Carolina, peaked at 57,500 cubic feet per second (cfs) 
(USGS Gauge 02110500, 4:15–4:30 p.m., 9/20/2018), which 
exceeded the previous record following Hurricane Matthew 
by 137%. The Little Pee Dee River at Galivants Ferry peaked 
at 64,700 cfs (USGS Gauge 02165000 9:45 a.m., 9/21/2018), 
which was 110% over the previous record following 
Hurricane Matthew. In contrast to the previous storms, the 
path and slow movement of Hurricane Florence caused 
excessive rainfall in the entire Pee Dee River Basin. Flow 
from the Upper Pee Dee River Basin at Bennettsville, South 
Carolina (USGS Gauge 02130561 5:15 a.m., 9/18/2018), of 
191,000 cfs greatly exceeded the peak flow measured at that 
site due to the short period of record. The Bennettsville flow 
Hurricane Florence Flooding in Georgetown County: A Qualitative 
Explanation of the Interactions of Estuary and Tidal River
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Abstract. This paper examines data from 18 USGS gauges in the lower Pee Dee Basin in an effort to explain the 
behavior of the flooding following Hurricane Florence (2018) in Georgetown County, South Carolina. Despite 
record or near-record flooding in all the tributaries to the Winyah Bay estuary, water levels near the city of 
Georgetown were well below predicted heights. Floodplain storage in the lower Great Pee Dee, Lynches, and Little 
Pee Dee River valleys stored over 1.2 million acre-feet of floodwaters, delaying peak stage near Bucksport for five 
days and reducing peak flow into the Winyah Bay tidal river/estuary system by nearly 50%. An unknown amount 
of flow from the Winyah Bay tidal river/estuary system flowed through the Atlantic Intracoastal Water Way to 
Little River rather than through Winyah Bay. The resulting freshwater flow to Winyah Bay only moved the point 
of tidal stagnation (where upstream tidal flow balances downstream freshwater flow) to near Georgetown. Since 
the city of Georgetown was near the point of stagnation, water level there was driven by ocean tidal height rather 
than river flood stage. The lack of discharge data from the tidal rivers in Georgetown County prevents evaluation 
of the importance of each of these factors and will limit efforts to make quantitative predictions of future flooding 
in the county.
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was 87% of the largest peak flow measured on the Great Pee 
Dee in 1945 at the “Pee Dee at Pee Dee” gauge (02131000). 
(Refer to Figure 1 and Table 1 for locations.) Given near-
record and above-record flooding on three major tributaries 
to Winyah Bay, record flooding was expected for eastern 
Georgetown County and the city of Georgetown. However, 
peak water level at Pee Dee River bridge near Georgetown 
was 4.14 ft (NAVD88) (USGS Gauge 02136350 1:15–1:45 
p.m., 9/30/2018), which corresponds to the peak ocean tide 
of 3.57 ft (NAVD88) measured during that same period at 
Springmaid Pier (NOAA Tide Gauge 8331070 12:48 p.m., 
9/30/2018).
Two main aspects of the flood will be considered. First, 
and the most obvious, is the stage or the height of the water 
surface. The difference between the water surface and the 
land elevation determines if, or how deeply, any particular 
spot will flood. Unfortunately, stage is a local value, which, 
especially on older gauges, refers to a site-specific datum 
that is arbitrarily set to be lower than the river bottom. The 
published stage is only meaningful as a correlate to the extent 
of flooding at any spot. For example, a landowner may know 
that a stage of 25 ft at the nearest gauge will flood to the edge 
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of his property, a stage of 28 ft will reach his house, and he 
must evacuate before the stage exceeds 32 ft. This can cause 
a great deal of confusion since the relation could be the same 
if the property was 10 ft or 1,000 ft above sea level. To relate 
water levels from headwaters to outlet, all gauge data must 
refer to a common datum, and in this paper we will use the 
North American Datum of 1988 (NAVD88).
The other very useful flood aspect is discharge (often 
just called flow), or the quantity of water flowing past a 
point. Ignoring small differences due to a shifting bed, 
discharge of a non-tidal river is determined by the stage 
and can be estimated by measuring flow over the range of 
stages and calculating a stage-discharge relationship (curve). 
Until recently, discharge measurements were made by 
dedicated technicians measuring the cross-sectional area 
and velocity at each stage height, establishing new stage 
versus discharge points with each increasingly larger flood. 
Unlike stage, discharge does not decrease in the downstream 
direction. Ignoring small differences due to evaporation 
and groundwater infiltration, all the water passing an 
upstream station must also pass a downstream station. The 
downstream station will also include flow from ungauged 
tributaries, which can be estimated by comparing the total 
volume of upstream and downstream discharge during the 
entire flood. Continuity in the volume of water means that, in 
addition to the correlation between stage and flooding, there 
is causation. Besides the obvious fact that larger upstream 
floods produce larger downstream floods, there is a direct 
mathematical relationship between upstream stage, the 
quantity of water flowing in the river, and downstream stage. 
These relationships form the basis of all flood modeling.
Discharge can be expressed in a number of units. Pump 
flows are usually rated in gallons per minute, which is 
probably the most intuitive unit. One can envision drawing 
a gallon of water from a faucet in a minute. USGS expresses 
river flows in cubic feet per second (cfs). A cubic foot 
contains 7.48 gallons and a minute has 60 seconds, so 1 cfs is 
448.8 gallons per minute. River flows of tens to hundreds of 
thousands of cfs are large but not particularly intuitive. For 
such large flows, the acre-foot (volume of water to cover 1 
acre at a 1-foot depth, or 43,560 cubic feet) becomes a more 
comprehensible value. If accumulated over a day, each cfs 
is 1.98 acre-foot. In terms of flooding, 1 cfs flowing into a 
1-acre pond will raise the level by 2 ft in a day.
The goal of this paper is to try to explain why large-scale 
flooding did not occur along the lower Waccamaw River and 
Winyah Bay. In this paper we present data collected (publicly 
available at USGS and NOAA websites; USGS,  “Science in 
Your Watershed”; USGS, “Current Water Data”; NOAA-NGS, 
“NADCON”; ) during the period of September 10 through 
October 10, 2018, and discuss that information in relation to 
our best understanding of the hydraulic forces occurring in 
the estuary and the portion of the tributary rivers where water 
level fluctuates in response to the tide. We use terminology of 
Hoitlink and Jay (2016), where the estuary is the portion of 
the system where ocean and freshwater mix, and where “tidal 
river” is the freshwater river where water surface elevation 
varies with the tide. On the southeastern US Atlantic coast, 
the upstream limit of the tidal river, “head of the tide” 
is where a semi-diurnal water surface fluctuation has an 
average range of 0.2 ft (https://shoreline.noaa.gov/glossary.
html). The area examined in this paper is considerably 
larger than the tidal region and includes a polygon defined 
by the locations of USGS gauge sites listed in Table 1: from 
Georgetown to Little River along the coast, to near Longs 
on the Waccamaw River, Galivants Ferry on the Little Pee 
Dee River, near Bennettsville on the Great Pee Dee River, 
and near Effingham on the Lynches River (Figure 1). The 
tidal reach estimation in Figure 1 could only be accurately 
estimated for the Waccamaw River where a number of gauges 
recording both stage and discharge allow an estimate of the 
extent of tidal fluctuation. On the Little and Great Pee Dee 
Rivers there are fewer gauges, and a cruder method was used. 
Ensign et al. (2015) measured a decrease in the erosive power 
of a river downstream of the head of the tide, while Gardner 
and Bohn (1980) showed that meanders in tidal creeks are 
stable. In this region, most county boundaries were drawn 
in the middle of the larger rivers. That was the case for the 
Great Pee Dee separating Marion County from Florence, 
Williamsburg, and Georgetown Counties, and the Little Pee 
Dee separating Marion and Horry Counties. Since these 
boundaries were drawn in the late eighteenth and nineteenth 
centuries, the rivers have meandered and the boundary is no 
longer in the center of the present river. A simple overlay of 
the present river and the county boundaries revealed points 
on the Great and Little Pee Dee Rivers where the boundary 
and center of the present river coincide. The change from 
active meandering and stable meanders was used as a crude 
estimate of the head of the tide.
SITE DESCRIPTION
Winyah Bay is the outlet of the Pee Dee River Basin 
[Hydrologic Unit Code (HUC) 0304], draining approximately 
15,000 sq mi, which is comprised of the upper and lower Pee 
Dee Basins (HUC 030401, 030402) (USGS,  “Science in Your 
Watershed”). The upper Pee Dee Basin extends from the 
eastern continental divide near the Virginia border through 
the central North Carolina Piedmont to the South Carolina 
border (Figure 1). The lower Pee Dee Basin (HUC 030402) 
includes the Great Pee Dee River Basin (03040201), Lynches 
River Basin (03040202), Little Pee Dee Basin (03040204 
including the Lumber River Basin 03040203), Black River 
Basin (03040205), and Waccamaw River Basin (030400206). 
The Great Pee Dee and Lynches Basins include Sand Hills 
and Upper Coastal Plain provinces, while the Black, Little 
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Pee Dee, and Waccamaw Basins are within the Lower Coastal 
Plain. Although not all listed streams are identified, a relief 
map of the Pee Dee Basin can be found at http://dnr.sc.gov/
geology/esw15/basins3d.html.
METHODS
Hurricane Florence flooding in Georgetown County 
was primarily due to flooding in the Great Pee Dee, Little Pee 
Dee, and Waccamaw Rivers. Many of the characteristics of 
the flooding can be explained with stage and discharge data 
from 18 USGS gauge stations (Table 1, USGS, “Current Water 
Data”). Four of the gauges (3, 6, 8, and 11) have long-term 
records and have been used to estimate flood probabilities, 
while two (5 and 7) were temporary stage gauges deployed 
only during the peak of the flood. Discharge was measured 
in all of the permanent non-tidal gauges (1, 3, 4, 6, 8, and 11) 
and four of the tidal gauges (9, 11, 12, and 13).
A map of the area of consideration was made in ARC-
GIS 10.2 with the ESRI photo basemap, a collaboration of 
ESRI, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/
Airbus DS, USDA, UDGS, AeroGRID, IGN, and the GIS user 
community (Figure 1). Land elevations were obtained from 
SCDNR LiDAR  for the counties included. The data frame 
for the analysis used the SC State Plane projection coordinate 
system with the US foot as length unit. River distances were 
calculated with the ARC-GIS distance tool by digitizing 
straight line segments along the estimated centerline of each 
river. Sinuosity of the respective rivers was also estimated 
by using the same tool and digitizing the center of the river 
valley rather than the channel.
For this paper, data from each gauge were downloaded 
from the USGS South Carolina Current Water Data website 
(USGS, “Current Water Data”). From the online map, each 
gauge location was chosen and the webpage for that gauge 
opened. From the “Time Series: Current and Historical 
Observations” page, a beginning date of 9/10/2018 and an 
ending date of 10/10/2018 were chosen and a tab-separated 
data set was downloaded. The downloaded file was then 
copied into an Excel spreadsheet and converted to columns 
of data for date, time, stage, and discharge. A master dates 
and time column (to include all 96 quarter-hour intervals 
for each of the 30 days) was constructed and used to create 
blank cells for data gaps in each downloaded data set. Most 
gauge records were recorded at 15-minute intervals, but the 
Pee Dee at Pee Dee (3) and Pee Dee below Pee Dee (4) were 
recorded at 30-minute intervals. For graphing, a data set 
was created for all gauges on the Great Pee Dee Basin (1–10, 
Table 1. Summary of data sources used to evaluate flooding associated with Hurricane Florence (September 14–17, 2018) . For each 
gauge location, the station name and number associated with that gauge in Figure 1, the USGS ID number, the published gauge datum 
elevation, the horizontal and vertical national datum associated with the gauge, and a correction factor applied to published stage to 
produce elevation relative to NAVD88 are presented .
Station Name and Location 
Number in Figure 1
USGS ID 
Number 
Gauge Datum 
Elevation (ft)
Horizontal 
Datum
Vertical 
Datum
Correction to 
Obtain NAVD88 (ft)
Discharge 
Measured
Pee Dee near Bennettsville 1 02130561 0.00 NAD27 NGVD29 -0.98 Y
Pee Dee near Florence 2 02130810 0.00 NAD83 NAVD88 0.00 N
Pee Dee at Pee Dee 3 02131000 23.54 NAD27 NAVD88 +23.54 Y
Pee Dee Below Pee Dee 4 02131010 14.29 NAD27 NAVD88 +14.29 Y
Pee Dee Below Florence 
(Hwy 378) 5
335413079261000 0.00 NAD83 NAVD88 0.00 N
Lynches River at Effingham 6 02132000 58.49 NAD27 NGVD29 Not used for height Y
Lynches River at Hwy 41/51 7 335025079265600 0.00 NAD27 NAVD88 0.00 N
Little Pee Dee at Galivants Ferry 8 02135000 23.95 NAD27 NGVD29 +22.96 Y
Pee Dee near Bucksport 9 02135200 -7.92 NAD27 NGVD29 -8.92 Y
Pee Dee at Georgetown 10 02136350 0.00 NAD27 NAVD88 0.00 N
Waccamaw near Longs SC 11 02110500 5.28 NAD27 NGVD29 +4.23 Y
Waccamaw above Conway 12 02110550 0.00 NAD83 NAVD88 0.00 Y
Waccamaw at Conway 13 02110704 -5.06 NAD27 NGVD29 -6.09 Y
Waccamaw near Bucksport 14 02110802 -14.36 NAD27 NGVD29 -15.36 N
Waccamaw near Pawleys Island 15 021108125 -4.5 NAD27 NAVD88 -4.50 N
Waccamaw at Hagley Landing 16 02110815 -14.14 NAD27 NGVD29 -15.15 N
AIWW at Socastee 17 02110715 10.9 NAD27 NAVD88 -10.9* N
AIWW on Hwy 9 18 02110777 -11.72 NAD27 NGVD29 -12.04 N
*Change to negative was made as published value produced unreasonable water levels .
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Figure 1. Photomap of a portion of the Lower Pee Dee Basin 
(HUC 030402) shows the location of USGS gauge sites and 
NOAA tide gauge where stage and discharge data were collected 
during Hurricane Florence flooding . The blue “T” on each river 
indicates an approximate head of the tide .
15, 16) at a 30-minute interval by deleting all quarter-hour 
readings. This resulted in peak errors generally less than 0.1 
ft in stage and less than 500 cfs in flow rates.
For each gauge, the “Summary of all Available Data” 
page was accessed and the gauge location (i.e., latitude, 
longitude) and gauge datum elevation were recorded. Since 
these gauges have differing histories, for the older gauges the 
stage often refers to a local datum (a convenient zero point 
such as the bottom of a bridge pier). Also, locations and 
datum elevations of many of the gauges established during 
the twentieth century are referenced to the North American 
Datum of 1927 (NAD27) for a horizontal location and the 
National Geodetic Vertical Datum of 1929 (NGVD29) for a 
vertical datum. With the advent of satellite navigation, these 
have been updated to the North American Datum of 1983 
(NAD83) for horizontal location and the North American 
Vertical Datum of 1988 (NAVD88) for elevation.
All elevations were converted to be relative to the 
NAVD88 datum. This was done with two web-based 
services. NADCON (NOAA-NGS) can be used to convert 
the NAD27 horizontal location to NAD83, and VERTCON 
(NOAA-NGS) can be used to correct NGVD29 data to the 
NAVD88 vertical datum. Both programs must be used, as 
the VERTCON program can only use NAD83 horizontal 
locations to do the vertical conversion. The datum of each 
gauge and the stage conversion factor is listed in Table 1.
One discrepancy was found in the data for USGS gauge 
02110715, Atlantic Intracoastal Water Way at Socastee, where 
the gauge datum was listed as 10.92 ft. However, that value 
produced water levels that were inconsistent with the nearby 
Waccamaw River gauge at Bucksport. Changing the sign of 
the published value to a negative produced more consistent 
elevation data. The negative value was used for this site.
For those gauges where discharges were measured, the 
downloading and data conversion procedures were the same 
as the procedure for stage. All flow values were in cfs and 
recorded in the same 15- or 30-minute intervals as the stage 
data. Flow data was also converted to an acre-foot volume (60 
sec × 15 min/43560 sq ft) for all 15-minute interval data and 
(60 sec × 30 min/43560 sq ft) for 30-minute data. The sum of 
these converted results was calculated each day to determine 
acre-foot per day. In order to estimate accurate daily flow 
volumes, missing flow readings were estimated by linear 
interpolation. In most cases, data gaps were fewer than three 
hours and occurred during linear increase or decrease of flow.
RESULTS
Summaries of the stage, discharge, and water surface 
slope for the Great Pee Dee and Waccamaw Rivers are 
presented in Table 2. Stage elevations in the Pee Dee and 
Waccamaw systems are depicted in Figures 2 and 3. The 
stage hydrographs of the non-tidal portions of each river 
demonstrate aspects that are common to all river valley 
flooding. The flood wave is attenuated as the flood progresses 
downstream. On the Pee Dee River (Figure 2), this attenuation 
is easily observed between the Bennettsville (1) and Highway 
378 (5) gauges. At Bennettsville, water level rises from 60.38 
ft on September 16 to 93.7 ft on September 18, while at 
Highway 378 it rises from 21.6 ft. on September 16 to 38.35 
ft on September 24. The peak at Highway 378 is roughly half 
as large as the peak at Bennettsville and is delayed by 6 days. 
Although most of the Waccamaw is tidal at low flow, during 
the flood this same attenuation is evident in the stage from 
Longs to Conway (Figure 3).
The characteristics of the stage at each of the tidal 
gauges can be seen more clearly in Figure 4 during low 
flow conditions before the storm (September 10–12, 2018). 
Tidal amplitude is reduced as the tide moves upstream and 
the times of high and low water are retarded; this is more 
evident at low tide. On the Pee Dee River, tidal fluctuations 
were recorded at the Bucksport gauge (9), nearly 40 miles 
upstream. Tides there are retarded longer than half a tidal 
cycle so that river high water occurs at ocean low tide. The 
Bucksport gauge on the Waccamaw River (14) is a similar 
distance from the ocean (Table 2) and has very similar tidal 
fluctuation. With a mean daily flow of 4500cfs water flowed 
upstream for two hours prior to high tide on the Pee Dee 
at Bucksport (9).  Likewise, with a flow of only 120cfs water 
flowed upstream for four hours prior to high tide at the 
Above Conway gauge (12).
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Discharge hydrographs are depicted as bar graphs of 
total volume for each day in acre-feet (Figures 5 and 6). 
Although the graphs are in discreet volumes, daily changes 
are similar to the stage hydrographs depicted in Figures 2 
and 3. However, discharge values reveal the flow of the Little 
Pee Dee and Lynches tributaries that join the Pee Dee above 
the gauge near Bucksport. Tributaries to the Waccamaw also 
result in large flow near Conway. Discharge peaks in the 
upper non-tidal reaches were reduced and delayed prior to 
reaching the tidal channels on both watersheds, yet there 
were prolonged large flows feeding the tidal system above 
Georgetown. Unfortunately, there was no discharge data 
recorded at any of the gauges of the tidal river sections in 
Georgetown County.
DISCUSSION
The first reason for reduced flooding in Georgetown 
County following Hurricane Florence was the lowering of 
the flood peaks by floodplain storage. There is very little 
development in the floodplains of the Pee Dee Basin in South 
Carolina. Flooding onto these primarily forested floodplains 
resulted in considerable decline in both the depth of flooding 
and the peak discharge. The mechanisms of floodplain storage 
can be easily explained as similar to a checkbook balance, 
with upstream flow treated as income and downstream flow 
as expenses, then applied between the Pee Dee below Pee 
Dee gauge (3) and the Pee Dee near Bucksport gauge (9). 
Near Bucksport, the flow of the Pee Dee River is made up 
of flow coming from the Great Pee Dee, Little Pee Dee, and 
Lynches Rivers shown in Figure 5. By simply accounting for 
the river discharge at each point, we can see the water that 
must be stored on the floodplain from September 17 through 
September 23 and released from the floodplain thereafter 
(Figure 7). If the excess or deficit is accumulated over time, 
we can produce a hydrograph of water flooding over the 
floodplain (Figure 8).
The impact of floodplain storage is quite remarkable in 
this section of the river. The flooding depth and peak flow 
rate are smaller at Bucksport despite large additional flow of 
the Little Pee Dee. The peak was also delayed from September 
21 until September 27. By using the gauge elevations, the area 
of floodplain storage can also be approximated on LiDAR 
digital elevation models (DEMs) from Florence, Georgetown, 
Horry, Marion, and Williamsburg Counties (SCDNR, 
“LiDAR Status”) (Figure 9). The approximate flooded area 
in Figure 9 is 156,000 acres. If the peak floodplain storage 
(1.2 million acre-feet) in Figure 8 is divided by 156,000 
acres, the average peak flood depth works out to be about 
7.9 ft on September 24, with actual depths dependent on 
floodplain topography. Significant portions of the lower areas 
were cypress and bottomland hardwood forests, along with 
loblolly pine plantations on the highest elevations. Species in 
Figure 2. Stage hydrographs for gauges from Georgetown to 
Bennettsville associated with the Great Pee Dee River . Numbers 
following the station name refer to locations marked in Figure 1 .
Figure 3. Stage hydrographs for all gauges from Georgetown to 
Longs associated with the Waccamaw River . Numbers following 
the station name refer to locations marked in Figure 1 .
Figure 4. Large scale depiction of stage at gauges with a tidal 
signature prior to Hurricane Florence . The ocean values were 
measured at Springmaid Pier while other gauges were at points 
marked by that number (Figure 1) . Note that NAVD88 is slightly 
above mean tide level at Springmaid Pier .
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Table 2. Peak flooding associated with Hurricane Florence(September 14–17, 2018) . Peak stage, discharge, and water surface slope as 
based on river distance . Slopes of peaks of low flow before the storm (September 10) are included .
Station
Distance from Ocean 
and River Valley Miles
Peak stage (ft 
NAVD88)
Location 
Figure 1 
Number
Peak discharge 
(cubic feet per 
second)
Downstream 
slope during 
flood peak 
(ft/10 miles)
Downstream 
slope September 
10 high tide 
(ft/10miles)
Ocean 0 3.57
Georgetown 14.9 14.5 4.14 10 0.38 -0.61
Hagley Landing 22 21.7 5.21 16 1.51 0.61
Pawleys 27.1 26.4 6.82 15 3.16 -1.33
Pee Dee near 
Bucksport
38.8 37.8 16.07 9 137,000 7.91 -0.07
Pee Dee at Hwy 378 80.8 62.8 38.4 5 5.32 2.66
Pee Dee below Pee Dee 103.8 82.6 51.25 4 139,000 5.59 6.56
Pee Dee at Pee Dee 108.0 85.2 53.25 3 134,000 4.76 3.93
Pee Dee near Florence 117.7 93.7 61.0 2 7.99 4.19
Pee Dee near 
Bennettsville
161.6 126.6 93.07 1 191,000 7.26 4.44
Waccamaw at 
Bucksport
39.4 37.6 11.41 14  3.73 -0.16
Waccamaw at Conway 57.1 49.9 15.06 13 49,000 2.06 -0.23
Waccamaw above 
Conway
73.3 59.3 19.81 12 44,500 2.93 -0.05
Waccamaw near Longs 108.1 71.9 24.45 11 57,500 1.33 1.29
Figure 5. Daily discharges (ac-ft) of gauges on the Pee Dee River . Figure 6. Daily discharges (ac-ft) of gauges along the Waccamaw 
River .
these timber types are tolerant of short-term flooding (Hook, 
1984), so flooding resulted in very little loss in timber value.
The interaction of the ocean, estuary, and tidal river is 
the least understood aspect of coastal hydrology (Ensign et 
al. 2012). Much of this lack of understanding is due to the 
historical and philosophical differences between terrestrial 
hydrology and coastal hydrodynamics. While terrestrial 
hydrology originated in the mid-nineteenth century with 
French engineers concerned with floods (Biswas, 1970), 
scientific prediction of the tides began in the late nineteenth 
century with Lord Kelvin’s theory of waves and tides in 
deep water. Much of the development of tidal models was 
performed by people associated with the English Navy 
(Darwin, 1901; Doodson, 1921; Ekman, 1993). This historical 
difference is also reflected in the US government with tidal 
measurement and prediction done by NOAA under the 
Department of Commerce, while terrestrial hydrology is 
primarily done by the US Geologic Survey (USGS) in the 
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Department of Interior. Although both sciences utilize the 
same fluid dynamics equations developed by Bernoulli, 
hydrodynamicists primarily view water movements as 
waves transferring energy and momentum, while terrestrial 
hydrologists view water movement as a unidirectional loss of 
energy as water flows down-gradient.
Tidal prediction and modeling within the ocean and 
shallow bays have progressed greatly with the advent of 
numerical modeling and satellite observations in the late 
twentieth century (Ray et al., 2011). Langbein (1963) 
found that alluvial estuaries tended to decrease in width 
at an exponential rate with distance from the ocean. Most 
estuaries were “funnel shaped” when viewed from above. 
Saveniji (1992, 2015) has developed analytical solutions to 
predict tidal movements in smooth “funnel shaped” estuaries 
and showed that analysis of “equivalent funnel shaped 
estuaries” can be applied to many real estuaries worldwide. 
Horrevoets et al. (2004) expanded this analysis to include 
the influence of freshwater flows. Although these analytical 
solutions were only valid for steady freshwater input, they did 
highlight the importance of the point of stagnation, the point 
where upstream flow from the rising tide exactly matched 
downstream fresh flow. A critical aspect of the stagnation 
point was the role of this point in control of water surface 
level. Downstream of this point, water level is controlled by 
the height of the tide and the hydraulic shape of the estuary, 
while upstream of the point, water level is determined by the 
hydraulic shape of the river and the rate of freshwater flow.
The interaction of flooding and the positioning of the 
point of stagnation may have been the most important 
determinant of the water levels in the city of Georgetown and 
along the lower Waccamaw River. Prior to the storm (Figure 
4), tidal fluctuations are present near Bucksport (9) on the Pee 
Dee River and above Conway (12) on the Waccamaw River. 
The tidal range decreased and was retarded upstream. Data 
from Winyah Bay are qualitatively consistent with the theory 
of a funnel-shaped estuary, although Winyah Bay is nothing 
like a funnel shape. Saveniei (2015) argues that an equivalent 
funnel-shaped estuary can be used to model a real estuary. 
Likewise, Horrevoets et al. (2005) results have shown, for an 
idealized estuary, the water surface slopes upstream from the 
ocean to the stagnation point, then level near it, and slopes 
downstream above that point. Their results may be equally 
valid for Winyah Bay and the connected tidal rivers. Ensign 
et al. (2015) also found a decrease in slope from the head of 
the tide to the point of stagnation in well-instrumented tidal 
rivers in Virginia.
A longitudinal profile of the peak elevations of Winyah Bay 
and the tidal rivers on September 10 (Figure 10, red triangles) 
Figure 7. Daily depiction of water quantity (ac-ft) stored on 
the floodplains of Great and Little Pee Dee Rivers above the 
gauge near Bucksport, South Carolina, calculated as summed 
discharge from gauges 4, 6, and 8, minus flow at gauge 9 .
Figure 8. Data in Figure 7 expressed as cumulative storage on 
the floodplain (ac-ft) .
Figure 9. Approximate area of the flooded region (yellow polygon) 
between gauges 4 and 9 . Portion of photomap in Figure 1 
with a semitransparent overlay of LiDAR DEMs of Florence, 
Georgetown, Horry, Marion, and Williamsburg Counties . Yellow 
numbers are gauge locations (Figure 1; Table 1), and white 
numbers are peak heights (Figure 2; Table 2) at those locations .
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shows clear slopes from the ocean to near Bucksport (9) on the 
Pee Dee and near Conway (13) on the Waccamaw. On the Pee 
Dee, there is also a decline in slope between Highway 378 (5) 
and near Bucksport and the Waccamaw is nearly level between 
Conway (13) and above Conway (12). Examination of the 
discharge records near Bucksport (9) show upstream flow for 
1–3 hours before high water on September 10–13, with mean 
daily flows of 4,230–4,170 cfs indicating the stagnation point 
slightly upstream of that gauge. On September 14, mean flow 
increased to 7,170 cfs and no upstream flow was measured. 
Likewise, above Conway (12), upstream flows occurred from 
3–4 hours prior to each high tide from September 10–13 
with mean daily flows of 114–118 cfs, only on one tide on 
September 13 with a mean daily flow of 317 cfs, and none on 
September 14 with a discharge of 1,527 cfs. Clearly the point 
of stagnation varies with freshwater flow closer to the ocean 
with higher flow, and it can be estimated by examining the 
water surface slope. One can extend this reasoning to suggest 
that for each point along the tidal river and estuary, there is a 
critical freshwater flow that will equal the upstream tidal flow. 
For flow below that critical amount, water level is controlled by 
the tide, and all water moves downstream during the ebbing 
tide. Above that critical flow, water level is controlled by the 
freshwater flow rate and will be subjected to flooding much 
like the rest of the river valley.
The plot of slope during the peak of the Florence flooding 
(Figure 10, blue diamonds) shows the water surface slope 
approaches level (< 0.5 ft/10 mi) near the Georgetown gauge 
(10). This result then suggests that the point of stagnation was 
very close to Georgetown and thus might explain why water 
levels there were controlled by the tide level in the ocean. 
Floodwaters near Georgetown simply flowed out to sea within 
the tidal channel during each ebbing tidal cycle, much like 
those at Bucksport when the Pee Dee flow was only 4,500 cfs.
Figure 10. Depiction of peak stage longitudinal profiles during 
a period of low flow (September 10) in red triangles and during 
the peak of Florence flooding in blue diamonds . Note that peak 
stage is not simultaneous at different stations, so these particular 
profiles do not represent the profile at any particular time .
What was the critical flow when the point of stagnation 
was near Georgetown? Unfortunately, the lack of discharge 
data for the gauges in Georgetown County makes that 
question an item of speculation. As seen in Table 2, the peak 
flows entering the Waccamaw River/Winyah Bay system 
were 137,000 cfs and 49,000 cfs from the Pee Dee and the 
Waccamaw, respectively, and the cumulative flow for the peak 
on September 26 was 367,900 ac-ft, giving an average flow 
rate of 185,800 cfs. However, the junction of these two rivers is 
quite complex, joining in three separate creeks that form loops 
during tidal flow (Figure 11). The Atlantic Intracoastal Water 
Way (AIWW, 17, 18; Figure 1) also connects the Waccamaw 
River near Bucksport (14) to the Atlantic Ocean at Little River. 
Although the AIWW has a tidal node and does not flow during 
normal periods, the stage at Socastee (17) provided a head of 
2–6 ft above high tide at Little River (18) during the period 
of September 24 through October 5. Likewise, the stage in 
the Pee Dee at Bucksport (9) was 2–6 ft above the Waccamaw 
at Bucksport (14), which was about 6 inches to 1 ft above 
the AIWW at Socastee (17) (Figure 12). From September 23 
through October 5 there was a clear gradient from the Pee 
Dee at Bucksport (9) through Bull Creek to the Waccamaw at 
Bucksport (14), a small gradient from there to the AIWW at 
Socastee (17), and a strong gradient to the Ocean at Little River 
(Figure 11). Although the waterway is considerably smaller 
than Winyah Bay, some portion of the 185,800 cfs bypassed 
Winyah Bay and flowed to the ocean through the AIWW. 
In addition to not knowing the flood attenuation between 
Bucksport and Georgetown, we also have little idea as to the 
amount flowing in the waterway.
CONCLUSIONS
Flooding in Georgetown County during and after 
Hurricane Florence was mitigated by three factors evident in 
the discharge and stage data collected by USGS and NOAA. 
First, the large area of floodplain of the Pee Dee, Lynches, and 
Little Pee Dee Rivers lowered the peak flow at Bucksport by 
storing over 1,000,000 ac-ft of water and releasing that water 
over a period of 10 days. Second, it appears that the tidal 
channel of the Waccamaw River near Georgetown was large 
enough to convey the combined flow during the ebbing tide 
with little change in water surface at high tide. Finally, some 
water flowed through the AIWW from Socastee to Little 
River and did not contribute to the flow downstream in the 
Waccamaw River or Winyah Bay.
The lack of data, especially discharge, in Georgetown 
County limited the extent of the analysis that could be done 
on tidal channels below Bucksport on the Pee Dee and below 
Conway on the Waccamaw. For low flows, presence and 
location of the tidal stagnation point in both the Waccamaw 
and Pee Dee Rivers were above the last point of discharge 
measurement and could be estimated relatively accurately. 
Journal of South Carolina Water Resources 44 Volume 6, Issue 1 (2019)  
Williams, Hitchcock, Song, O’Halloran
Figure 11. Photomap of the junction of the Pee Dee and Waccamaw Rivers . Atlantic Intracoastal Water Way 
(AIWW, 17) exits Waccamaw near the Bucksport gauge (14) .
Figure 12. Stage (ft) from Pee Dee to AIWW at Little River .
Journal of South Carolina Water Resources 45 Volume 6, Issue 1 (2019)  
Hurricane Florence Flooding in Georgetown County
During the flood, the stagnation point within the bay and the 
tidal river could only be vaguely estimated by determining 
water level slope between widely spaced stage gauges. It is 
obvious that accurate pre-flood modeling was not possible, 
as the available data do not allow a complete evaluation of the 
behavior of the flood even after it occurred. This lack of data 
collection in Georgetown County is critical, as the tidal rivers 
of the county will be subjected to future floods and changes 
in tidal flows caused by increasing sea level.
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INTRODUCTION
Observations and data from long-term experimental 
watersheds are the foundation of hydrology as a geoscience 
(Tetzlaff et al., 2017) and are invaluable for natural resource 
and environmental planning and management (Bosch et 
al., 2007). This understanding was the basis for establishing 
gauged watersheds on many experimental forest and 
agricultural settings in the 1960s, which have advanced 
knowledge on hydrologic processes and the associated 
interactions with ecosystem structure and functions 
(Amatya, Campbell, Wohlgemuth et al., 2016; Vose et al., 
2014). Historically, long-term hydrologic records have 
proved critical for flood forecasting, water conservation 
and management, agricultural and drought planning, and 
addressing critical environmental and water quality issues 
(Bosch et al., 2007). Through a series of examples and new 
analyses, Moran et al. (2008) showed the value of USDA 
long-term data in understanding key ecohydrological 
issues, including (1) time lag between causes and effects, 
(2) critical thresholds and cyclic trends, (3) context of rare 
and extreme events, and (4) mechanistic feedbacks for 
simulation modeling. Similarly, Bosch et al. (2007) described 
studies that evaluated the impacts of agriculture on regional 
surface and groundwater quality in the long-term Little River 
Experimental Watershed initiated by the USDA Agricultural 
Research Service (ARS) Southeast Watershed Research 
Laboratory (SEWRL) in south-central Georgia, United States, 
in 1967. Amatya and Trettin (2007) reported the long-term 
experimental watershed monitoring studies initiated in 1963 
by the USDA Forest Service at Santee Experimental Forest 
(SEF) in Coastal South Carolina (SC), which were recently 
updated by Amatya, Callahan, and Trettin (2016). Data 
and information from these collaborative studies provide a 
“reference” condition for water resources development and 
management, wetland restoration and conservation, and 
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improving hydrologic assessment tools for management 
decisions on this rapidly urbanizing coastal landscape. 
Similarly, long-term data/studies from high-gradient 
upland experimental forest watersheds, like the upland 
conditions of South Carolina, are available from the USDA 
Forest Service Coweeta Hydrologic Laboratory (https://
www.srs.fs.usda.gov/coweeta/). Furthermore, several recent 
studies have synthesized data from small paired watersheds, 
including those in the EFR network, highlighting important 
insights that can be gained from watershed science and 
long-term experimental data such as taking societal needs 
into consideration (Lovett et al., 2007; Vose et al., 2014; 
Amatya, Campbell, Wohlgemuth et al., 2016; Tetzlaff et al., 
2017). Headwater catchments are important because they 
influence supply, transport, and the fate of water and solutes 
in downstream receiving waters through their intrinsic 
connections to landscape hydrologic processes controlling 
the recharge of subsurface water stores, flow paths, and 
residence times (Alexander et al., 2007).
Amatya et al. (2009) emphasized a need to extend 
and strengthen multidisciplinary collaboration, including 
sustaining and sharing such long-term data from the various 
ecosystem-wide experimental watersheds maintained by 
the ARS and the Forest Service, as well as other institutions. 
Such a collaboration would help develop a platform to 
better understand the complex ecosystem processes and the 
interactions and improved methods for quantifying them in 
the face of changing land use and climate. The goal of this long-
term monitoring program is to effectively use the collected 
data and information in collaborative studies leading to 
the development/refinement of methods and tools used in 
predicting and evaluating the effects of both anthropogenic 
and natural disturbances while also making them publicly 
available in a timely manner to stakeholders and society for 
sound management decisions regarding contemporary issues 
on flooding, drought, water supply, restoration, and other 
ecosystem services. This paper summarizes the watershed 
descriptions and the hydro-meteorologic data being collected 
at the SEF site and synthesizes key research results.
SITE DESCRIPTION
The SEF was established in 1937 by the USDA Forest 
Service with a mission of silvicultural research, environmental 
monitoring, and demonstration, and educational activities 
in support of sustainable forest management practices of 
coastal plain forests, such as those within the Francis Marion 
National Forest (FMNF) near Huger, South Carolina, 50 
km northwest of Charleston. The SEF (33˚ 08' 15" N, 79˚ 
49' 0" W) is located within the headwaters of Huger Creek, 
a tributary of the East Branch of the Cooper River that 
drains into Charleston Harbor (Figure 1). In order to study 
the effects of silvicultural practices on hydrology and water 
quality, gauged watersheds were established beginning in 
November 1963 with WS77, a first-order watershed of 155 
ha, and WS78, a third-order watershed of 5,240 ha (Amatya 
and Trettin, 2007; Amatya et al., 2015). A second-order 
watershed (WS79) of 500 ha was gauged in 1966, followed 
in 1968 by another first-order watershed (WS80) of 206 
ha (reduced to 160 ha in late 2001) as a pair to WS77. The 
monitoring was discontinued in May 1982, resumed in 
November 1989 soon after the passage of Hurricane Hugo, 
and continues to the present day. The forest was heavily 
impacted by the hurricane in 1989 (Hook et al., 1991), and 
its current vegetation consists of pine and pine mixed with 
hardwood stands that have been vigorously re-growing since 
this tropical storm. Soils in SEF are predominantly Alfisols 
and Ultisols (SCS 1980), primarily somewhat-poorly to 
poorly drained sandy loams with clayey subsoils with high 
surface water retention capacity and low permeability. The 
climate of the site is subtropical with long, hot summers 
followed by short, warm, and humid winters, with an average 
annual temperature and potential evapotranspiration (PET) 
of 18.3˚C and 1135 mm, respectively, as well as an average 
annual precipitation of 1370 mm (Dai et al., 2013). Some 
more details are given below in the Additional Information 
section.
HYDRO-METEOROLOGIC MEASUREMENTS
Rainfall amounts on the watersheds and the SEF 
headquarters (SHQ) have been collected using automatic 
gauges backed up with manual measurements since 1946 
(Table 1). Stream stage and flow rates are being measured 
continuously using sensors/dataloggers upstream of 
compound V-notch weirs on the WS77, WS80, and WS79 
watersheds, while using the sensor for stage and area-velocity 
method for the WS78 watershed (Figure 1; Table 1). Complete 
weather parameters (e.g., temperature, humidity, solar and 
net radiation, wind speed and direction) are measured at the 
SHQ and WS78, as well as above the forest canopy on WS80. 
Only precipitation, air, and soil temperature data are collected 
at the MET station on the WS77 and WS80 watersheds. (Table 
1). Automatic and manual measurements of water table 
levels are made in groundwater wells in a network across 
the watersheds. Water samples for water quality analysis are 
collected manually as well as on a flow proportional basis 
using automatic samplers at each of the flow gauging stations 
(Figure 1). Details of all hydro-meteorologic and water 
quality measurements, including for the historic periods, 
are given in Table 1 and elsewhere (Amatya and Trettin, 
2007; Harder et al., 2007; Jayakaran et al., 2014; Amatya et 
al., 2015; Muwamba et al., 2016). Hydrology, climate, water 
quality, and geospatial data are available at: http://cybergis.
uncc.edu/santee, and most recently transitioning to https://
www.fs.usda.gov/rds/archive/catalog/. Rain and flow data 
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for the third-order watershed (WS78) can also be accessed 
at: https://waterdata.usgs.gov/sc/nwis/uv?site_no=02172035, 
a USGS site, on a real time basis. Real time climatic data 
from the SEF headquarters is also available using SMART 
FOREST web portal at (https://smartforests.org/content/
smart-forests-data).
SYNTHESIZED STUDY RESULTS
HYDROLOGY AND FLOODING
Streamflow rates and volumes, primarily driven by 
shallow groundwater on these watersheds, are highly 
responsive to rainfall with their significant (p < 0.01) 
correlation with monthly rainfall (Dai et al., 2013). Streamflow 
rates are also influenced by vegetation and topography. 
Flooding resulting from surface runoff and rapid subsurface 
drainage occurred only during extreme storm events. 
Baseflow from the system was highly variable. On average, 
20–25% of the annual rainfall (P) became streamflow (Q), 
although it varied from 6% to 59%, depending on seasonal 
soil moisture storage. An exponential increase of runoff for 
storm events occurred when the water table level was near or 
above the surface. (Young and Klawitter, 1968; Amatya et al., 
2006; Harder et al., 2007; Jayakaran et al., 2014). For example, 
the extreme precipitation event of October 3–4, 2015, with > 
500 mm rainfall in two days with already wet soil moisture 
conditions, flooded much of the experimental forest site and 
the surrounding areas (Amatya, Harrison, and Trettin, 2016).
Storm hydrograph analyses using long-term data from 
historic (for WS78) and recent (for WS80) periods showed 
the event runoff coefficient (Q/P) varying from 1– 74%, 
with a mean of 34% for the first-order WS80, and 1– 80%, 
with a mean of 25% for the third-order WS78 watersheds, 
respectively (La Torre Torres et al., 2011; Epps et al., 2013a). 
Variability in event runoff was attributed to seasonal 
trends in water table elevation ﬂuctuation as regulated by 
evapotranspiration (Epps et al., 2013a). The authors also 
reported that the 5- and 30-day antecedent precipitation 
index (API) for the site, determined by summing the rain 
amount for 5 and 30 days, respectively, prior to the event, 
did not have direct effect on storm event stream discharge, 
but indirectly through the water table position as affected 
by infiltration and ET. These results indicate that in low-
gradient coastal zone watersheds with shallow water tables, 
stormflow response to rainfall occurs more or less uniformly 
throughout the watershed, as opposed to variable source area 
concepts in upland hillslope processes.
Analysis of shallow (up to 3 m deep) and deep well 
(14.5 m deep) water table measurements at WS78 watershed 
provided an average recharge estimate to the surficial aquifer 
of 114± 60 mm y-1 (Callahan et al., 2012). The main factor 
influencing recharge estimates was antecedent water table 
level, which in turn was influenced by landscape position 
and soil texture. The shallow water table conditions at this 
site support a large range of natural wetlands and create 
management challenges across the region (Callahan et al., 
2017). Modest changes in the position of the water table 
can lead to either groundwater flooding and concomitant 
management challenges for silvicultural activities, or to 
ecosystem stresses related to dry conditions in wetlands 
during times of below-normal precipitation or as a result of 
groundwater withdrawal. Dai et al. (2013) found a significant 
increase (p < 0.02) in annual mean water table elevation 
on the first-order watersheds due to an increase in rainfall 
for 1964–1993, which was also true for the current period 
(2003–2017). However, analyses of annual mean water table 
records data for that period showed no trend (Amatya, 
Chescheir, et al., 2019).
WATER QUALITY
Long-term water quality data (Table 1) showed an 
average dissolved organic nitrogen (DON) of ~0.7 mg/L, 
which was 10-fold higher than dissolved inorganic nitrogen 
(DIN). Phosphate (PO4-P) concentrations averaged 0.028 
mg/L and declined slightly with increased flow. These 
concentrations were consistent with data from other black 
water streams draining southeastern forested watersheds 
dominated by conifers (Chescheir et al., 2003). However, 
DIN and PO4-P showed much higher variability than DON, 
indicating a need to understand the processes that affect the 
dissolved N and P export dynamics.
Earlier studies showed that hydrologic fluxes of nitrogen, 
phosphorus, sulfur, and basic cations to groundwater 
and stream water from pine understory treated by winter 
prescribed burns are not likely to affect stream-water 
quality (Richter et al., 1982, 1983). The streamflow nutrient 
concentrations in those studies were generally much lower 
than for agricultural or urban land use (Binkley, 2001; 
Amatya et al., 2006, 2007; Muwamba et al., 2016). Trettin et 
al. (2019) synthesized environmental monitoring and studies 
at the SEF that are relevant to water quality within the lower 
Coastal Plain, where forested wetlands—often impacted by 
hurricanes and tropical storms—strongly influence water 
quality through hydrological and biogeochemical processes. 
For example, Wilson et al. (2006) reported an increase of 
N and P exports by 108–154%, primarily due to increased 
outflows, soon after Hurricane Hugo in 1989. The authors also 
noted that the reference watershed provides a good, reliable 
baseline for conditions of minimal human disturbance that 
may be useful in developing water quality criteria, TMDL 
modeling, and permitting.
CLIMATE VARIABILITY AND EXTREME EVENTS
Dai et al. (2013) summarized the long-term climatic data 
developed on the SEF for the period of 1946–2008, which 
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showed an increase in mean annual air temperature at a rate 
of 0.19°C per decade, which is higher than the global mean 
rate of 0.17˚C for the same period. This is somewhat consistent 
with a recent study by Mizzell et al. (2014) reporting a steady 
temperature increase since the 1970s, but a decreasing 
trend from the 1950s through the 1960s, indicating a spatial 
variability in trend for the 66 stations the authors analyzed.
Total annual precipitation has not changed significantly 
over the period of 1946–2008 (Dai et al., 2013), which is 
consistent with Mizzell et al. (2014). However, large storm 
events (> 25 and > 50 mm precipitation) have increased by 
13 and 21%, respectively, over the 63-year period (Dai et al., 
2013), and that perspective is consistent with an updated 
analyses using data from 2003–2015 (Amatya, Harrison, and 
Trettin 2016).  Maximum hourly design rainfall for various 
return periods derived from intensity-duration-frequency 
analysis is often used in designing culvert sizes and other 
storm water management structures on forest lands. Tian 
et al. (2019) used the annual maximum hourly rainfall 
intensity at the WS80 site for the 1976–2015 period obtained 
by combining measured data from the nearby Lotti gauge 
for 1976–1994, Charleston airport data from 1995–2002, 
and the Met 25 gauge on the WS80 itself from 2003–2015. 
The authors found the design rainfall intensity at the WS 80 
to be higher than the interpolated published values by the 
NOAA for the site location for all rainfall durations, except 
for 1 hr. This indicates that NOAA-based maximum intensity 
values may underestimate peak discharges needed for storm 
water design practices at the WS80 site, although the on-
site data may also have some uncertainties due to data gap 
fillings and extrapolation. Similarly, the authors also reported 
flood frequency estimates for the site using its long-term 
measured annual maximum flow rates and showed that a 
widely used Rational Method may underestimate the peak 
discharge for large storm events on watersheds of this size. 
Such information can be a better representation for on-site 
design of storm water management structures on the WS80 
and other similar sites nearby. 
Streamflow on WS80 and the adjacent treatment 
watershed WS77 increased to as much as 50% of the rainfall 
soon after Hugo, with greatly increased flow from the WS77 
that was salvage logged (Sun et al., 2000; Amatya et al., 2006). 
This was likely due to decreased vegetative water use on 
both watersheds due to loss of tree canopy. An established 
relationship of monthly outflows between the paired 
watersheds for the pre-Hugo period (1969–1981), with 
higher outflows from the WS77 than the WS80, continued 
for three years after Hugo (1989); however, it reversed in 1993 
and did not return to pre-Hugo levels for 10 years, until 2004 
(Figure 2) (Jayakaran et al., 2014). The authors attributed this 
result to a catastrophic change in forest vegetation due to 
selective hurricane damage, with one watershed recovering 
to pre-hurricane levels of evapotranspiration at a quicker rate 
due to the greater abundance of pine seedlings and saplings 
in that watershed. This data indicates both the hydrologic 
resiliency of these coastal forests and the importance of long-
term monitoring.
Although the SEF has experienced a number of 
hurricanes and tropical storms during its history that were 
characteristic of the coastal systems, the 2-day rainfall of 
nearly 500 mm from October 3–4, 2015 (indirect effect of 
Hurricane Joaquin) was the historic record, consistent with 
rainfall records from stations and associated floods across 
the State of South Carolina reported by Mizzell et al. (2016) 
for October 1–5, 2015. As a result, Amatya, Harrison, and 
Trettin (2016) reported the peak discharge of 17.4 m3 s-1, 
which exceeded the previously measured (October 24, 
2008) record of 3.8 m3 s-1 on WS80, equivalent to 500-year 
return period estimates. This provides insights for a need to 
revisit existing approaches for hydrologic design of forest 
cross drainage and other water management structures as 
concerns about extreme storm events resulting from global 
warming continue, as suggested by Tian et al. (2019) and 
Walega et al. (2019).
MODEL DEVELOPMENT, TESTING/APPLICATION 
Long-term monitoring also provided the data to test 
strengths and limitations of hydrology and water quality 
models of various complexities (e.g., SWAT, MIKESHE, 
DNDC, DRAINMOD, SCS-CN) as applied on these low-
gradient coastal forest watersheds, as well as to develop 
new tools. Dai, Li, et al. (2010) conducted a calibration and 
validation of a watershed-scale distributed hydrologic model 
(MIKESHE) using both the daily water table and streamflow 
for the 2003–2008 period for WS80. The modeling results 
demonstrated that the streamflow and water table depth 
were sensitive to the model input parameters, especially to 
surface detention storage, drainage depth, soil hydraulic 
properties, plant root depth, and surface roughness. Model 
assessment results showed that, compared to current climate 
conditions, the annual average streamflow increased by 
2.4%, with 1% increase in rainfall, and decreased by 2.4%, 
with a 1% decrease in rainfall. A quadratic polynomial 
relationship between changes in water table level and rainfall 
was found (Dai, Trettin, et al., 2010; Dai et al., 2011). The 
simulated annual average water table level and streamflow 
linearly decreased with an increase in temperature within the 
range of temperature change scenarios (0–6˚C). Although 
MIKESHE is a fully process-based model, it requires a large 
quantity of resources and time for its hydrologic applications. 
Recently, Amatya, Fialkowski, and Bitner (2019) tested 
a simple 4-parameter empirical model to compute daily 
water table depths for poorly drained forested lands, with its 
potential application in assessing wetland hydrology used in 
restoration purposes.
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Amatya and Jha (2011) tested the refined SWAT model 
with an improved single‐parameter “depletion coefficient” 
for plant evapotranspiration in the SCS curve number (CN) 
for WS78 for predicting daily and seasonal flow. Better 
predictions were found for wetter years than drier years. The 
predictions of days with zero flow were also in agreement 
with the measured data. This clearly indicates a need for long-
term data capturing seasonal climatic variability for a reliable 
model validation. However, the refined model was unable 
to accurately capture the flow dynamics and time to peak 
for events preceded by saturated conditions during the dry 
summer and wet winter, warranting further investigations 
on these shallow soil forest systems. One possible reason for 
discrepancy was the use of published values of Manning’s 
roughness parameter in flow routing in stream channels with 
vegetation. The importance of accounting for friction caused 
by interaction between the main channel and vegetated areas 
in discharge prediction was recently studied by Mirosław-
Świątek and Amatya (2012, 2017). The authors demonstrated 
a 10–32% increase in frictional coefficient when the 
variability in vegetation stem diameter was considered.
Using a 3-year (2008–2011) period of rainfall and runoff 
storm event data from the WS80 watershed (Figure 1) to 
compare with another coastal site in SC, Epps et al. (2013a) 
found that runoff generation from storm events was strongly 
related to water table elevation consistent with Harder et 
al. (2007), where seasonally variable wet and dry moisture 
conditions persist. For that matter, stream runoff predictions 
using the classic CN model for these watersheds do not 
compare closely to measured outflow under the average 
moisture conditions. However, results show improvement in 
flow predictions using CNs adjusted for antecedent runoff 
conditions and water table position (Epps et al., 2013b). In 
a similar study using modification of the soil water retention 
parameter in the CN model, Wałęga et al. (2017) found 
better predictions of storm runoff events on WS80 compared 
to the classic SCS-CN method, consistent with Blair et al. 
(2012). Most recently, Walega et al. (2019) successfully tested 
a modified version of the widely used SCS-CN based SME 
model and SCS TR-55 graphical peak discharge methods 
for predicting runoff and peak discharge, respectively, for 
selected storm events from the WS80 watershed for 2011-
2015 period. Additional study is underway to further test 
these SCS CN methods with data from multiple forest sites.
PERSPECTIVES
This article synthesizes various hydrologic studies 
conducted at Santee Experimental Forest in South Carolina, 
the only coastal plain experimental forest with long-term 
hydrology and water quality data on paired forest watersheds 
in the Southeast. A key finding of the synthesis was that if 
this monitoring system, discontinued in 1981, had not been 
revitalized soon after Hurricane Hugo in 1989, there would 
have been no way of knowing about the reversal in the flow 
relationships between the paired watersheds three years 
after Hugo, which, as shown in Figure 2, was attributed to 
post-Hugo changes in vegetation type and growth dynamics 
that impacted ET. The return to pre-disturbance baseline 
relationship indicates hydrologic resiliency of these coastal 
Figure 1. Location map of experimental watersheds (1st order, 2nd order, 
and 3rd order) with their hydro-meteorologic stations at Santee Experimental 
Forest (SEF) (see Table 1) within Francis Marion National Forest, South 
Carolina . The SEF headquarter (SEF HQ) office location is also shown . TC is 
Turkey Creek 3rd order watershed .
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Table 1. Hydro-meteorologic and water quality parameters monitored during historic and current periods at Santee Experimental Forest 
headquarter (Santee) and watersheds, SC (See Figure 1 for locations) .
Parameters Santee First-Order WS77 First-Order WS80
Second-Order 
WS79
Third-Order 
WS78
Meteorology (Climate) (http://cybergis.uncc.edu/santee/)
Precipitation 1946 to date; 
Manual/ Pluviometer, 
Automatic
1963–1971; 1990–
1997; 2001 to date; 
Manual/ Automatic
1990–2000; 2001 
to date; Manual/ 
Automatic
1964–2000; 2001 
to date; Manual/ 
Automatic
Air Temperature 1946– ; Manual/ 
Automatic
2001- Manual/ 
Automatic
2001– Manual/ 
Automatic; 2010 
(Canopy), Automatic
1971–2000; 
2001– 
Automatic
Humidity 2001– ; Manual/ 
Automatic
2010 (Canopy), 
Automatic
2005– 
Automatic
Solar Radiation 2001–  
Manual/ Automatic
2010 (Canopy), 
Automatic
2005– 
Automatic
Net Radiation 2001– ; Manual/ 
Automatic
2010 (Canopy), 
Automatic
Wind Speed and 
Direction
2001–  Manual/ 
Automatic
2010 (Canopy), 
Automatic
2005– 
Automatic
Pan Evaporation 2004– Manual
Soil Temperature 2001– Automatic 2001– Automatic 2001–2004; 
2005– Auto
Dry-Wet Deposition 2008–
Ozone 2008–2012
Hydrology (http://cybergis.uncc.edu/santee/)
Shallow Water Table 1964–191; 1992–1995; 
2005 to date; Manual/ 
Automatic
1992–1995; 2003 
to date; Manual/ 
Automatic
2006–2019 
Manual/ 
Automatic
Deep Groundwater 
(College of Charleston)
2004 to date; 
Manual/ Automatic
2004 – to 
date; Manual/ 
Automatic
Stream Gauge Stage 1964–1981; 1989–
2000; 2003-
1968–1981; 1989–
1999; 2003–
1966–1973; 
1989–1990; 2002-
1964–1984; 
2005–
Streamflow 1963–1981; 1989–
1999; 2003–
1968–1981; 1989–
1999; 2003–
1966–1976; 
1989–1990; 2003–
1964–1984; 
2005–
Soil Moisture 2018– Automatic 2012– Automatic
Water Quality (http://cybergis.uncc.edu/santee/)
Nutrients (NO3+NO2, 
NH4, TKN, TDN, PO4, 
TP)
1976–1982; 1989–
1994; Manual grab 
2003– Automatic
1976–1982; 1989–
1994; Manual grab 
2004– Automatic
1989–1994; 
Manual grab 
2006– ; Automatic
2006– ; Manual 
grab/Automatic
Cations Same as above Same as above
DOC 2004– Auto 2004– Auto 2006– Auto 2006– Auto
Temperature 2006– Manual 2006– Manual 2006– Manual 2006– Manual
Dissolved O2 2006– Manual 2006– Manual 2006– Manual 2006– Manual
Conductivity 2006– Manual 2006– Manual 2006– Manual 2006– Manual
Salinity 2006– Manual 2006– Manual 2006– Manual 2006– Manual
pH 2006– Manual 2006– Manual 2006– Manual 2006– Manual
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forests aft er a hurricane event. Th ese results are invaluable 
because information on the infl uence of extreme climate 
events in natural ecosystems is limited (as these events are 
rare), but there is a pressing need to identify how these events 
change ecosystem processes to explore new hypotheses and 
improve our predictive capabilities.
Th e SEF is likely the only coastal plain forest station 
with long-term net radiation measurements (Table 1) in 
the Southeast as part of the climatic data database.  Th at 
data was invaluable for developing a calibration factor for 
estimating net radiation from solar radiation from other 
weather stations in South Carolina in a recent study, funded 
by the SC Department of Natural Resources, on investigating 
the assessment of PET for its application in water use and 
management planning for the state of South Carolina 
(Amatya, Muwamba, et al., 2018). Th e long-term hydrology 
data from the control watershed in the paired system can be 
used as a “reference” for “pre-development” scenario design/
analysis on developing/urbanizing lands. Some of its data 
was used in the 3-D modeling study of Charleston Harbor 
for the dissolved oxygen TMDL (Lu et al., 2005; TetraTech, 
2008), and possibly for wetland restoration in the coastal 
region. Long-term data and hydrological and water quality 
models developed and successfully tested with these data 
at this freshwater forested wetland site upstream of tidally 
mediated riparian systems can also be helpful in impact 
assessment of land use and climate change. Th e long-term 
data also contributed to short-term studies focused on 
understanding various hydrological, biogeochemical, and 
transport processes on this poorly drained coastal forest 
(Young and Klawitter, 1968; Richter et al., 1982; 1983; Harder 
et al., 2007; Callahan et al., 2012; Epps et al., 2013a; Griffi  n et 
al., 2014; Amatya and Harrison, 2016).
Th e importance and value of long-term experimental data 
for scientifi c research and for science-based sound management 
decisions on issues of societal concern such as water supply, 
fl ooding, drought management, ecosystem restoration, and 
quality of water bodies are being widely publicized (Tetzlaff  et 
al., 2017; Moran et al., 2008; Trettin, Amatya, Gaskins et al., 
2019). Furthermore, there has been increasing interest for use 
of such data and information on a real-time basis for prompt 
decision-making processes. Th e long-term experimental sites 
maintained by the USDA Agricultural Research Service and 
the USDA Forest Service are a leading example of databases 
that off er multidecadal observations and cross-ecosystem 
studies. (Amatya et al., 2016; Moran et al., 2008). Th ese studies, 
Tetzlaff  et al. (2017) emphasized, off er a crucial evidence base 
for understanding and managing the provision of clean water 
supplies, predicting and mitigating the eff ects of fl oods, and 
protecting ecosystem services provided by streams, rivers, 
and wetlands. Long-term studies at the SEF site, which is 
representative of rapidly urbanizing areas near the coastal/tidal 
waters and riparian buff ers become even more crucial because 
of an ongoing threat of high intensity storms and sea level 
rise (Williams et al., 2019). Adequate resources are critical for 
securing high quality long-term data from successful multi-
purpose monitoring for proper management of land and water 
in an integrated, sustainable way (Lovett et al., 2007; Tetzlaff  et 
al., 2017).
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Figure 2. Twelve-month moving average of difference of monthly fl ow between the WS77 and WS80 watersheds from 
December 1969 to December 2017 . Horizontal lines indicate gaps due to (1) discontinuity in monitoring between 
1981 and 1989 and (2) missing data during 1999 and 2002 also with drought (modifi ed after Amatya et al ., 2011) .
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ADDITIONAL INFORMATION
WATERSHED CHARACTERISTICS
1. Three gauged watersheds on moderately well to 
very poorly drained soils of lower Atlantic Coastal 
Plain: WS80 (control): 200 ha until 2001; 160 ha after 
2001—first order; WS77 (treatment): 155 ha—first 
order; WS79: 500 ha—second order, all tributaries 
of Turkey Creek within the East Cooper River Basin; 
and WS78 (Turkey Creek): 5240 ha—third order
2. Surface elevations: 2.0–14.0 m a.m.s.l.; < 1% slope
3. Dominant soils (Wahee, Craven, Lenoir, Meggett) 
characterized by seasonally high water tables
4. Vegetation—Loblolly pine, Longleaf pine, Cypress 
and Sweet gum 
WATERSHED MONITORING (ALSO REFER TO TABLE 1)
• Daily rainfall and temperature only at Santee 
Experimental Forest Head Quarters (since 1946)
• All other complete automatic Campbell Scientific 
weather and HOBO Met stations (Table 1)
• Flow gauging stations at the outlets of WS77, WS80, 
and WS79 that accumulate flows from both WS77 
and WS 80 since 1964 (Water stages measured by 
Doppler and WL16 pressure transducer with an 
ISCO 4210 logger); (Table 1)
• Automatic groundwater table recorders on WS77, 
WS80, and WS78 (GL16s)
• Manual PVC ground water table wells (Scattered on 
WS77 and WS80)
• HYDRA soil moisture monitoring on WS77 and 
ACCLIMA soil moisture monitoring on WS80
• Flow proportional water quality sampling stations 
at WS 77, WS80, and WS78 gauge outlets (ISCO 
4210 sampler)
• Stream water physical parameters by Hanna multi-
parameter meter (Manta probes earlier)
• Throughfall measurement gauges on WS80 (Texas 
Electronics) (2003–2004)
• Dry and wet deposition monitoring using 
Aerochem Metrics Precipitation Collector at Santee 
Experimental Forest HQ
• Carbon and Greenhouse gas monitoring 
• Ozone monitoring at Santee Experimental Forest 
(Discontinued in 2012)
• Tree growth monitoring (Height, dbh, LAI) on 
WS80 and WS77
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INTRODUCTION
South Carolina historically has benefited from an 
abundance of both surface and groundwater resources. The 
state’s water supplies, however, are limited, and adequate 
supplies of water are vital to the continued growth and 
economic development of the state and to the well-being 
of its people and natural environment. South Carolina is 
susceptible to periodic and multiyear droughts, and as the 
demand for water increases, the effective management of this 
precious resource will become increasingly important.
South Carolina’s population increased from 3.5 to 5.1 
million from 1990 to 2018 and is projected to increase to 5.7 
million by 2030 (D. Dickerson, personal communication, 
January 31, 2019). The state’s population growth since 1900, 
along with population projections for 2020 and 2030, is 
shown in Figure 1. As the state’s population increases, the 
volume of water used for energy generation, public supplies, 
and irrigation also may increase.
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Abstract. Economic development, environmental protection, and public health are critical quality-of-life issues 
that depend on a reliable supply of water. Increased water demand and climate variability (drought) are two major 
factors that have the potential to limit future water availability in the state of South Carolina. The development of 
a comprehensive water-resources management plan for the state is vital for ensuring that an adequate and reliable 
supply of water will be available to sustain all future uses. The South Carolina Department of Natural Resources 
(SCDNR) is tasked legislatively with developing water planning and policy initiatives in the state and has initiated a 
long-term process to update the state water plan, last published in 2004. One of the major recommendations in the 
2004 plan was to form River Basin Councils (RBCs) in each of the major river basins in the state for the purpose of 
water planning. In 2014, SCDNR initiated a multiyear process to develop regional water plans that will serve as the 
foundation for a new state water plan. A central component of the process was the creation of a Planning Process 
Advisory Committee (PPAC) for the purpose of developing formal guidelines on the formation of RBCs and the 
development of river basin plans for the eight designated river basins in the state. The PPAC is composed of a 
diverse group of stakeholders and includes representation from water utilities, energy utilities, trade organizations, 
academia, conservation groups, agriculture, and the general public. The work of the PPAC culminated in a report, 
the South Carolina State Water Planning Framework, which was published in October of 2019. The river basin plans 
will identify current and future water availability issues and describe a management plan to address these issues 
to ensure that an adequate and reliable supply of water will be available for future generations. The purpose of this 
paper is to provide a general overview of the state’s river basin planning process.
Although South Carolina usually has an abundance 
of water, the state has experienced many severe, statewide 
droughts in its history (Figure 2). Droughts can occur at 
any time and can last for several months to several years. 
Recent droughts in 1998–2002, 2006–2009, and 2011–2012 
have demonstrated that there are limitations to the state’s 
water supplies. During the drought of 1998–2002, rivers and 
lakes throughout the state were at historic lows, threatening 
water-supply intakes and causing saltwater encroachment in 
coastal areas. Groundwater levels in both shallow and deep 
aquifers dropped to record lows. The drought of 2006–2009 
also was particularly severe, especially in the Savannah 
River basin; lake levels there dropped faster during that 
drought than during any other drought on record. Severe, 
multiyear droughts like those experienced over the past 20 
years illustrate the vulnerability of the state’s water resources, 
as well as the wide-ranging impacts droughts can have on 
agriculture, forestry, power generation, public water supply, 
tourism, recreation, fisheries, and ecosystems.
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Figure 1. South Carolina population growth from 1900 to 2018 and projections for 2020 and 2030 .
Figure 2. Statewide average annual precipitation for South Carolina, with 10-year averages used to show wetter (green) and drier (orange) 
periods . While it can be difficult to compare drought impacts across different time periods, this graph shows that South Carolina’s most 
prominent droughts occurred in the 1920s, 1930s, 1950s, 1980s, and 2000s . The state’s single driest year was 1954; the statewide 
average precipitation was 32 .96 inches, an approximate 15-inch deficit . (Source: South Carolina State Climatology Office .)
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Increased water demand resulting from population 
growth will increase competition for water across the state, 
particularly when the water supply is limited due to drought. 
The strain that is starting to show on this limited resource 
has highlighted the importance of developing long-term, 
comprehensive, statewide water-resource management 
plans that will allow for the continued growth of the state’s 
population and economy while protecting the state’s water 
resources for generations to come. The purpose of this article 
is to describe South Carolina’s current state and river basin 
planning process that is being implemented to address the 
long-term water management of the state’s water resources.
BACKGROUND AND RELATED WORK
The South Carolina Department of Natural Resources 
(SCDNR) is legislatively mandated through the South 
Carolina Water Resources Planning and Coordination Act 
(§ 49-3-10, et seq., Code of Laws of South Carolina, 1976, 
as amended) to formulate and establish a comprehensive 
water resources policy for the state, which is presented in a 
document known as a water plan. A state water plan presents 
a water vision for the state; articulates the state’s water-
resource policies and goals; and can be used to develop or 
modify legislation, regulations, and programs that help the 
state achieve those goals.
The first edition of the South Carolina Water Plan was 
published by SCDNR in 1998 (Cherry and Badr, 1998). The 
plan was updated in 2004 (Badr et al., 2004) and offered 81 
policy recommendations and guidelines for the efficient, 
economical, and environmentally responsible management 
of the state’s water resources. One recommendation was to 
establish an advisory committee for each of the state’s four 
major river basins—the Ashepoo-Combahee-Edisto (ACE), 
Pee Dee, Santee, and Savannah basins—that would work to 
optimize water use throughout each basin. Recognizing the 
multitude of users and the complexity of water issues that 
occur in a basin, the 2004 plan recommended that each 
committee be composed of representatives from federal, 
state, and local agencies and stakeholders who would work 
together to develop basin-wide water management plans.
In 2014, SCDNR initiated a long-term process for 
developing the basin-wide water management plans. These 
basin-management plans, now formally designated as 
river basin plans, will form the foundation of a new state 
water plan. Although the 2004 South Carolina Water Plan 
recommended developing water plans for the state’s four 
major basins, SCDNR and the South Carolina Department of 
Health and Environmental Control (SCDHEC) subsequently 
decided to subdivide two of the larger basins. The Santee basin 
was divided into the Saluda, Broad, Catawba, and Santee 
basins, and the ACE basin was divided into the Edisto and 
Salkehatchie basins, with the Ashley-Cooper basin included 
in the Santee basin. Therefore, river basin plans will be 
developed for each of the following eight river basins: Broad, 
Catawba, Edisto, Pee Dee, Salkehatchie, Saluda, Santee, and 
Savannah (Figure 3). The boundaries of these eight river 
basins were selected to match the basin delineations used 
by SCDHEC for its water-quality assessments and for the 
permitting of interbasin water transfers.
Although the 2004 water plan recommended the 
formation of water-planning committees for regional 
planning purposes, it did not offer sufficient guidance 
regarding the membership and duties of such councils, nor 
did it detail the contents of a river basin plan or describe how 
those plans would be developed. The legislative mandate that 
calls for SCDNR to formulate and establish a comprehensive 
water-resources policy for the state also authorizes SCDNR 
to appoint interdepartmental and public advisory boards 
as necessary to advise and assist in developing policy 
recommendations to the governor and the general assembly. 
To that end, SCDNR established the State Water Planning 
Process Advisory Committee (PPAC) in 2018 to assist with 
establishing a framework for developing river basin plans in 
the state. The PPAC is a diverse group of 19 water-resource 
experts representing water suppliers, agriculture, trade, 
conservation organizations, state agencies, and academia.
The PPAC’s work is guided by its vision: “Reflecting 
our values of water as a shared resource with a shared 
responsibility, we will work together to develop and maintain 
an actionable State Water Plan balancing economic, 
environmental and social needs of South Carolina for 
generations to come.” It was tasked with developing a set of 
guidelines in appropriate detail so river basin plans can be 
successfully prepared and implemented. These guidelines 
were documented in a report, the South” Carolina State Water 
Planning Framework (Planning Framework), published in 
October of 2019 (SCDNR, 2019). Specific topics addressed 
in the Planning Framework include:
• River Basin Council (RBC) membership and 
appointment process
• Roles and responsibilities of RBCs
• Roles and responsibilities of state and federal 
agencies
• Methods for identifying and addressing water 
availability issues
• Contents of river basin plans
• Public and stakeholder participation
The long-term process to develop river basin plans and 
a new state water plan can be divided into three components: 
(1) the development of surface and groundwater resource 
assessments and future water demand projections, (2) the 
formation of River Basin Councils (RBCs) tasked to develop 
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river basin plans for each basin as described in the Planning 
Framework, and (3) the development of a new state water 
plan under the guidance of the Planning Framework and 
based on information and recommendations produced in the 
river basin plans. Each one of these components is described 
in more detail below.
DEVELOPMENT OF RESOURCE ASSESSMENTS 
AND WATER DEMAND PROJECTIONS
The evaluation of water availability in each river 
basin and any resulting water-management strategies or 
recommendations made by an RBC must rely on sound 
science and reliable decision-making tools. To address 
those needs, SCDNR, in cooperation with SCDHEC, 
completed a set of hydrologic models for the state’s surface 
and groundwater resources. In addition, SCDNR is in the 
process of completing water-demand projections for each 
basin that can be incorporated into the hydrologic models. 
The models and water-demand projections are intended to 
provide information on current and future water availability 
and will help identify any existing or future water shortages 
or issues. These assessments also can be used to evaluate 
alternative water-management strategies that can address or 
mitigate future water shortages or stresses on the state’s water 
resources.
SURFACE-WATER MODELS
In August 2014, SCDNR contracted CDM Smith, Inc., to 
complete surface-water models for the eight planning basins 
in the state (Figure 3) using the Simplified Water Allocation 
Model (SWAM). The SWAM model provides a consistent 
technical platform in each river basin with which to evaluate 
water availability. Eight SWAM models, one for each basin, 
were completed in 2017 and serve as the primary models for 
assessing surface-water availability.
SWAM is an Excel-based, water-allocation model that 
computes physically and legally available water at user-
defined nodes in a networked river system. The model 
incorporates water withdrawals and discharges and can 
Figure 3. Map showing South Carolina’s eight river basin planning areas .
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simulate reservoir operations of varying complexity. SWAM 
was developed to provide efficient planning-level analyses 
of water supply and river basins, while maintaining a high 
level of accessibility to a wide range of end users. More 
information about the SWAM model and its functionality 
can be found in the South Carolina Surface Water Quantity 
Models Modeling Plan report (CDM Smith, 2014).
COASTAL PLAIN GROUNDWATER MODEL
In February 2016, SCDNR contracted the US Geological 
Survey in Columbia, South Carolina, to update the South 
Carolina Coastal Plain Groundwater Flow Model, which 
had initially been completed in 2010 (Campbell and Coes, 
2010). The model is being updated using MODFLOW-NWT 
(Niswonger et al., 2011) and is scheduled for completion 
in the spring of 2020. Updates will include modifying the 
surficial aquifer model layer; adding recent groundwater-
related data such as water-use data, hydraulic properties of 
aquifers obtained from pumping tests, groundwater levels, 
and hydrogeologic information from water wells, core holes, 
and well-cluster sites; reducing the model grid from 2 × 2 
miles to 2,000 × 2,000 feet; incorporating a more detailed 
representation of the fall line area; incorporating modeled 
groundwater-recharge rates; recalibrating the model; and 
applying the model to a series of seven scenarios.
The updated groundwater flow model will be used 
to simulate the effects of future water use development 
and provide insights into various potential management 
strategies. The South Carolina Coastal Plain Groundwater 
Flow Model will serve as the primary model during the 
regional water planning process for assessing groundwater 
availability.
WATER-DEMAND PROJECTIONS
An assessment of future water availability requires an 
estimate of future water demand in each planning basin. To 
that end, SCDNR, in a joint project with the US Army Corps 
of Engineers and Clemson University’s South Carolina Water 
Resources Center, developed population and water-demand 
projection methodologies. The projection methodologies are 
documented in a report, Projection Methods for Off-stream 
Water Demand in South Carolina, published in October 
2019 (Pellett, 2019). The methodologies will be applied in 
each basin to estimate future water demand over a 50-year 
planning horizon for thermoelectric power, public supply, 
industry, agricultural irrigation, domestic supply, and golf 
course irrigation.
Two sets of projections will be developed. The first set of 
projections will represent a future demand based on normal 
climate conditions and average economic growth; the second 
set will represent a high future water-demand scenario based 
on drought-year conditions and above-average economic 
growth. The projection will be completed in 5-year intervals 
for the first 20 years and in 10-year intervals for the following 
30 years. This information will be used in the surface and 
groundwater models to assess future water availability.
RIVER BASIN PLANNING
A river basin plan is generally a collection of water-
management strategies designed to ensure that the surface 
water and groundwater resources of a river basin will be 
available for all uses, both instream and offstream, for years 
to come, even under drought conditions. A river basin plan 
generally addresses four questions:
1. What is the basin’s current available water supply and 
demand?
2. What are the current permitted and registered water 
uses within the basin?
3. What will be the water demand in the basin 
throughout the Planning Horizon and will the 
available water supply be adequate to meet that 
demand?
4. What water management strategies will be employed 
in the basin to ensure the available supply meets 
or exceeds the projected demand throughout the 
Planning Horizon?
The first three questions are essentially technical in 
nature and can be addressed using the surface water- and 
groundwater-resource assessments in conjunction with 
the water-demand projections described above. Answering 
the fourth question is at the heart of the water-planning 
process and greatly benefits from cooperation and consensus 
among stakeholders throughout the basin. A successful and 
equitable river basin plan addresses the effects that all water 
users have on one another and on the resource.
For each river basin, development of the river basin 
plan will be the responsibility of an RBC created specifically 
to accomplish this task. As described in the Planning 
Framework, each RBC will consist of no more than 25 
members, appointed by SCDNR, who have a water-resources 
background or a vested interest in the water resources of the 
basin. A river basin plan will be developed for each of the 
state’s eight major river basins and are intended to assess 
water availability and use throughout a basin, identify and 
evaluate current and/or future water-resource shortages or 
other concerns, and recommend strategies for resolving those 
concerns. The river basin plans also may include legislative 
or policy recommendations for the state to consider, but such 
recommendations are subject to SCDNR approval before 
their inclusion in the state water plan.
To successfully complete the roles and responsibilities 
prescribed for the RBCs in the development of river basin 
plans, those appointed councils will require significant 
Journal of South Carolina Water Resources 61 Volume 6, Issue 1 (2019)  
Overview of the South Carolina State and River Basin Planning Framework
support from qualified personnel capable of performing the 
many tasks necessary to run productive meetings and keep 
the process of preparing a successful, actionable plan on track. 
Though SCDNR and SCDHEC will work closely with RBCs 
in the planning process, the support necessary for RBCs to 
fulfill their responsibilities will come primarily from private 
contractors who specialize in the various aspects of the water 
planning process. Five general types of functions needed 
for the planning process are administrative, facilitative, 
technical, public outreach, and report preparation.
NEW STATE WATER PLAN
Upon completion of the eight river basin plans and their 
approval by SCDNR, staff at SCDNR will write the state water 
plan using the guidelines outlined in the Planning Framework. 
The state water plan will be a compilation of key information 
from the river basin plans that is presented for the state as a 
whole and in a manner that illustrates differences among the 
river basins in terms of water use, availability, demand, and 
water-management strategies. The state water plan also will 
serve as a policy document that summarizes and prioritizes 
water policy and program recommendations that were made 
in the river basin plans. Recommendations on improving the 
water planning process, enhancing stakeholder and public 
participation, implementing and financing water plans, and 
introducing innovative water-management practices also 
will be described.
STATE AND RIVER BASIN PLANNING 
PROCESS IMPLEMENTATION
The exact timeline to complete all eight river basin plans 
and the new state water plan will be heavily dependent on 
available funding, but it is currently planned as a 5-year 
process. The implementation of the river basin planning 
process and the formation of the first RBC as described in the 
Planning Framework began in the pilot basin (Edisto River 
basin) in the fall of 2019. The initiation of planning activities 
in the other basins will be staggered over the next several 
years, depending on available funding. The development of 
a final river basin plan for a given basin is expected to be a 
2-year process, and it is anticipated that all eight plans will 
be completed by 2023. Once the eight river basin plans are 
finalized, a new state water plan will be developed by 2024. 
However, the schedule for the completion of the river basin 
plans and the state water plan is subject to change based on 
available funding.
SCDNR will serve as the primary oversight agency 
during the state and river basin planning process. Specific 
SCDNR tasks will include soliciting contractors to 
support plan development; ensuring work is completed by 
contractors in a timely manner according to the defined 
scope of work; overseeing the planning process to ensure 
consistency with guidelines established in the Planning 
Framework; communicating with state and federal agencies, 
stakeholders, and the general public on planning activities; 
and serving in a general advisory role on the management 
of the state’s water resources. The Planning Framework also 
outlines formal guidelines for evaluating the progress made 
on developing a given river basin plan and for keeping RBCs 
on schedule. Milestones and metrics of success regarding 
plan development will be established for the purpose of 
keeping RBCs on schedule.
Effective public participation during all stages 
of the river basin planning process will be critical for 
successful water planning. To that end, RBC activities and 
the planning process are designed so that transparency, 
timeliness, accuracy of information exchange, and two-
way communication between RBCs and the public are key 
priorities. RBCs will work in cooperation with contractors 
including public outreach coordinators to develop protocols 
and mechanisms that adhere to state open meeting laws and 
additional guidelines provided in the Planning Framework.
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INTRODUCTION
The process of developing a new state water plan has been 
underway for several years in South Carolina (SC). Water 
planning cycles are an adaptive management technique to 
enhance natural resource management. Natural resource 
management is not static, and planning, in response, must 
be adapted accordingly. The process has been divided into 
distinct phases to break it into manageable projects. The 
phases are:
• Surface Water Availability Assessment,
• Groundwater Availability Assessment,
• Water Demand Projections,
• Regional Water Plans, and
• State Water Plan. (Rentiers, 2018)
Decision-making is a critical step in the process of 
resource management and planning. The agency with 
legal authority for water planning is the South Carolina 
Department of Natural Resources (SCDNR) (SC Code Ann., 
Section 49-3, 1993). Additionally, SCDNR is required to 
provide recommendations to state Executive and Legislative 
branches to inform water policy decisions (SC Code Ann., 
Section 49-3, 1993). The agency with legal authority to 
enforce water regulations in the state is the South Carolina 
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Department of Health and Environmental Control 
(SCDHEC). During past planning cycles in SC, the approach 
to writing the state water plan was much less inclusive. The 
SC state water plan of 2004 was a significant step toward 
modern water planning. It includes recommendations for 
the state in regard to water planning, policy, and regulatory 
needs to ensure adequate resources in times of drought and in 
the future (Badr et al., 2004). While some recommendations 
from the plan have been implemented, it is possible that the 
outcome could have been improved by a more inclusive, 
participatory planning process. The need for a participatory 
model for water planning has been recognized (Badr et 
al., 2004), and stakeholders from various in-stream and 
offstream use sectors have been included in decision-making 
throughout the current planning cycle. All water planning 
stakeholder meetings are open to the public and follow 
public notification law.
The goal of participatory decision-making in water 
planning is to include stakeholders in various ways for an 
improved plan and for stakeholder support of the plan. 
Therefore, stakeholder identification and inclusion is an 
important consideration. Water users are an identified 
group of stakeholders to include in planning processes (e.g., 
agriculture, energy, manufacturing, public and domestic 
water supply, golf, mining, aquaculture, livestock). Other 
stakeholders, which have been identified as affected by or 
Journal of South Carolina Water Resources 63 Volume 6, Issue 1 (2019)  
Methods of Inclusion in South Carolina State Water Plan Decision-Making
interested in water planning decisions, include councils of 
government, government employees at all levels, conservation 
groups, environmental groups, recreational users, concerned 
citizen groups, well drillers, researchers, and the general 
public. Additionally, strategic inclusion of influential 
stakeholders to garner sectoral and political support is also 
prudent, especially in inclusive shared decision-making 
capacities. It is too early in the process to assess outcomes of 
stakeholder inclusion.
This paper discusses the phases of the planning process 
to this point in the water planning cycle. With a broad goal 
of high participation in the decision-making process among 
water stakeholders as a target in SC water planning, discussion 
will focus on the participatory decision-making nuances 
of each phase. The surface water assessment (phase 1) was 
completed in 2017. There are several phases of the process 
running concurrently. The groundwater assessment (phase 
2) is nearing completion. The water demand projections 
(phase 3) has finished the methodology development portion 
of the process after a period for public comment was held. A 
series of stakeholder meetings will be held to present these 
water demand projection methods. The methods will then 
be applied to various water use sectors to derive projections 
beginning with the Edisto basin. Remaining basin 
projections should be completed in 2020. Additionally, the 
process of developing a framework document is in progress 
for developing regional water plans.
The surface water availability assessment meetings were 
held throughout the eight regulatory basins in SC. The eight 
basins are used by SCDNR to promote continuity between 
water planning and water regulation by SCDHEC. These 
basins are: Broad, Catawba, Edisto, Pee Dee, Salkehatchie, 
Saluda, Santee, and Savannah (SCDHEC, “SC Watershed 
Atlas”). The first round of surface water meetings began 
in the Saluda basin in April of 2015 and concluded in the 
Savannah basin in August of 2016.
The groundwater availability assessment meetings were 
held in the inner and outer coastal plain areas of the state in 
November and December of 2017 (Walker et al., 2018). The 
coastal plain regions of the state begin at the fall line, which 
begins at approximately the middle of the state. The piedmont 
area of the state was not included in the groundwater 
assessment due to significantly less groundwater quantity 
and use.
The water demand projections methodology technical 
advisory committee (TAC) consisted of a more fluid group of 
sectoral experts. The TAC provided significant knowledge of 
offstream water use at the local level. Six meetings were held 
to develop water demand methodology for offstream uses 
and were held from August to November of 2018.
In 2018, the State Water Planning Process Advisory 
Committee (PPAC) was organized to develop the regional 
water planning framework document to guide River Basin 
Councils (RBCs) in the development of regional water plans. 
The PPAC has been meeting monthly to discuss and detail 
various components of the framework document so that 
regional water planning can be successful and congruent. 
The Edisto RBC is anticipated to be formed in late 2019 and 
early 2020 as a pilot basin.
LITERATURE REVIEW
There is a growing body of literature describing 
inclusive, participatory, and collaborative approaches to 
resource management. Agencies with legal authority for 
water management and planning are increasingly seeking 
stakeholder involvement to encourage buy-in and ownership 
of the policy process (Sabatier et al., 2005). This has the 
potential to improve implementation outcomes due to 
perceived stakeholder legitimacy of the planning process 
(Sabatier et al., 2005).
Implementation research has primarily focused on 
the question of why implementation has failed rather than 
succeeded (Pressman and Wildavsky, 1984). This research 
has thus influenced decision-making as to promote inclusive 
decision-making processes to improve implementation 
outcomes. As a result and where appropriate, planning has 
become more bottom-up than top-down, allowing those 
at the local level to provide feedback on assumptions and 
models (Sabatier et al., 2005; Koebele, 2015).
The problem of identifying stakeholders and deciding 
who, to what degree, and when in the process stakeholders 
participate is of equal importance (Cowie and Borrett, 
2005). Stakeholders generally fall under a broad definition 
of those who are responsible for or affected by the decision 
(Cowie and Borrett, 2005). Stakeholders can then range from 
agency personnel, to those groups and sectors that use water 
resources, or to the public in general.
Desired outcomes require varying degrees of 
stakeholder inclusion (Cowie and Borrett, 2005). Stakeholder 
involvement can lengthen the planning process and may 
require additional funding as the agencies are asked to do 
more to develop collaborative water plans.
An extended review of inclusive resource management 
literature was conducted during the groundwater assessment 
phase of the planning cycle. The conclusions of that review 
provide additional support for the importance of stakeholder 
inclusion in water resource decision-making (Walker et al., 
2018).
METHODS
STAKEHOLDER ENGAGEMENT
Briefly mentioned in the literature review, the type of 
stakeholder inclusion method used in decision-making is 
dependent on the identified outcomes of the process. A 
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Stakeholder participation and decision-making inclusion in 
the current SC state water planning effort
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Figure 1. Methods of stakeholder participation and decision-making inclusion in the 
current SC state water planning cycle . (Adapted from Cowie and Borrett, 2005; Quick and 
Feldman, 2011 .)
sliding decision-making scale of stakeholder involvement 
can lead to significantly different outcomes with each 
approach becoming more inclusive than the last (Cowie and 
Borrett, 2005). The sliding decision-making scale types are 
notification, advisory, consultative, and decision-making 
(Cowie and Borrett, 2005). 
Decision-making in SC water planning phases and 
anticipated phases have taken on several forms of this sliding 
scale. Figure 1 applies the SC water planning phase processes 
to the Cowie and Borrett (2005) decision-making scale along 
the x-axis. The method used in Quick and Feldman’s (2011) 
study was observable stakeholder processes based on levels of 
participation (low to high) and inclusion in decision-making 
(low to high). The low to high measurements were adapted 
and applied to both the x-axis and the y-axis. Similarly, the 
process in SC has taken on various forms of participation and 
inclusion. To simplify the figure, placement of the processes 
was generally where the process fits within the context of 
participation and inclusion.
The surface water methods could be described as 
notification/advisory; stakeholders were informed and 
information was gathered regarding stakeholder perceptions 
(Figure 1). The surface water assessment also had a TAC 
consisting of 11 surface water stakeholders involved in a 
consultative process (SCDNR, 2015). Similarly to the surface 
water meetings, groundwater stakeholder methods followed 
an information/advisory decision-making stakeholder 
format (Figure 1). The groundwater assessment also has a 
TAC of groundwater use experts consisting of 6 members 
that again were consultative in the decision-making process 
of groundwater modeling efforts (SCDNR, 2018). The water 
demand TAC used a high participation and high inclusion 
method in that the TAC was developing the methodology for 
water demand projections, which is a consultative/decision-
making approach. The PPAC, with the collaborative nature 
of this process, is a decision-making method in its approach 
with fewer participants in order to deliver a framework 
document in a timely manner.
EVALUATION OF STAKEHOLDER INVOLVEMENT
South Carolina Water Resources Center researchers have 
continued to be involved in all phases of the planning process 
and have continued quantifying the number of stakeholders 
who participated in the processes and gathering data on their 
affiliations. iClickers, an information-collection tool, were 
used to collect anonymous attendee data during the surface 
water and groundwater availability assessment stakeholder 
meetings. Stakeholder organizational type categories were 
broad in the surface water and groundwater meetings due 
to the data-collection device. Additionally, organizational 
category types evolved slightly from the surface water 
meetings and the groundwater meetings (Appendix 1; 
Appendix 2). Attendance records and affiliations were kept 
for the water demand projection TAC meetings as well. These 
stakeholder affiliations were categorized into broader types 
of water users. The surface and groundwater TACs and the 
PPAC have stakeholders who were appointed by SCDNR 
with no end date known at the time of this paper.
RESULTS
Results of the methods of engagement are presented 
in two ways: (1) by participation in terms of numbers 
of stakeholders engaged, and (2) from sectors of water 
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use stakeholders represented. Th e tables in the appendix 
referenced in the results section provide the quantitative 
numbers that correlate to Figures 2 through 4.
SURFACE WATER ASSESSMENT
Th e surface water meetings saw participation and 
inclusion in the surface water availability assessment from 360 
stakeholders. Not all stakeholders responded to all iClicker 
questions in the meetings. Of the 360 stakeholders who 
attended, 305 responded to the question about the type of 
organization they represent (Appendix 1). Government was 
the highest-represented stakeholder across all 8 basins (Figure 
2). Stakeholder participation and inclusion primarily followed 
a panel discussion and question and answer format aft er 
presentations providing feedback on the surface water model.
GROUNDWATER ASSESSMENT
Th e two fi rst-round stakeholder meetings in November 
and December of 2017 drew 55 stakeholders (Appendix 
2). As groundwater availability is primarily a concern in 
the coastal plain, it drew fewer stakeholders in addition to 
holding fewer meetings. Groundwater stakeholders were 
most highly represented by industry or utility (Figure 3). 
Stakeholder participation was primarily a question and 
answer session aft er the presentations providing feedback on 
the groundwater fl ow model.
WATER DEMAND PROJECTIONS
Th e Water Demand Projections TAC had members who 
attended all water demand meetings, but many attended the 
sectoral meeting that matched their respective water use 
Figure 2. Stakeholder organizational type representation across 8 surface water basins in SC .
Figure 3. Stakeholder organizational type representation across groundwater inner and outer coastal plains in SC
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sector. Overall, 110 unique stakeholders attended the water 
demand methodology meetings (Appendix 3). A more 
detailed analysis of organizational representation was collected 
due to the meeting style, which was facilitated through Webex 
online meetings (Cisco Webex, 2019; Figure 4). Webex is a 
video conferencing and meeting platform that allows hosts 
and participants to be in separate locations, creating a virtual 
meeting space to collaborate. Th e sectoral draft  methods were 
presented, followed by TAC discussion. Aft er a fi nalized draft  
was distributed and fi nal TAC feedback incorporated, the water 
demand methods were open to a public comment period. 
Th e water demand projection methods will be presented at 
stakeholder meetings and began in fall 2019.
PLANNING PROCESS FRAMEWORK
Th e PPAC has 19 stakeholders, a facilitator, and a 
coordinator for the process and follows a charter, which 
standardizes group norms (Rentiers, 2018; Clemson PSA, 
2019). Th ese stakeholders were invited to participate by 
SCDNR, many of which have participated in past technical 
advisory capacities in the water planning process. Th e entities 
that comprise the PPAC are: 
• public water suppliers (Greenville Water, Mount 
Pleasant Waterworks, and Anderson Regional Joint 
Water System), 
• public water supply associations (South Carolina 
Rural Water Association and Water Environment 
Association of South Carolina/South Carolina 
Section of the American Water Works Association), 
• energy utilities (Duke Energy and Santee Cooper), 
• Catawba-Wateree Water Management Group, 
• Clemson University South Carolina Water 
Resources Center, 
• Th e Dunes Golf and Beach Club, 
• Upstate Forever, 
• Th e Nature Conservancy, 
• SCDHEC, 
• SCDNR, 
• Congaree Riverkeeper, 
• WP Rawl farm, 
• Weathers farm, 
• and two citizen representatives.
Th e PPAC is tasked with creating a state water 
planning framework document to guide RBCs. Th e 
PPAC and RBCs have and will continue to have diverse 
stakeholder representation, which not only could improve 
implementation outcomes but also prevent one sector or one 
interest from dominating the processes. Currently, the PPAC 
draft  state water planning framework sets a maximum of 
25 voting members with 8 identifi ed stakeholder categories 
for the RBCs. Th e 8 categories are: agriculture, forestry, and 
irrigation interests; local governments, water and sewer 
utilities; electric-power utilities and non-federal reservoir 
operators; industry and economic development interests; 
water-based recreation interests; environmental interests; 
and at-large water-based interests. Th e PPAC was organized 
into 15 subcommittees to address identifi ed issues for the 
RBC process, which are incorporated in the draft  framework 
(Appendix 4). Once a fi nal draft  of the framework is 
Figure 4. Stakeholder organizational type representation in the water demand projection methodology TAC .
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complete, the PPAC will rank the framework in accordance 
with the PPAC charter to finalize it. The PPAC will continue 
to reconvene, as needed, in future planning cycles to advise 
RBCs and review RBC plans.
DISCUSSION
Water planning in South Carolina is making significant 
progress toward creating a bottom-up stakeholder-driven 
water plan. True stakeholder-driven processes take significant 
time to complete. Previous and current phases of the water 
planning cycle have engaged diverse groups of stakeholders. 
The PPAC is developing the framework as comprehensively 
as possible to guide both the RBCs and the process at the 
regional planning level. Once the draft framework is finalized, 
SCDNR will organize the RBCs as appropriate within the 
water planning cycle timeline. It is anticipated that the 
RBCs will have significant decision-making capabilities in 
developing regional water plans for each of the 8 river basins, 
with guidance from the framework document for regional 
water plans. Widespread participation and inclusion in the 
decision-making process will involve stakeholders who may 
not have participated in other phases of the planning process. 
The result would be a significant stakeholder-driven process 
(Figure 1; Figure 2). Limitations of this research include 
pursuing qualitative research to understand stakeholder 
perceptions of how their inclusion may impact legitimacy 
and support of the river basin plans and state water plan. 
After the pilot basin is complete, qualitative research is 
necessary to potentially reveal strengths and weaknesses in 
the process for future basins and its future iteration.
Water issues are local. As such, a bottom-up approach to 
regional water planning is an important development in state 
water planning in South Carolina. While there are possibly 
larger state water resource management issues that must be 
addressed in the state water plan, allowing those who use the 
water daily to take ownership of the RBC decision-making 
process and develop regional water plans could encourage 
buy-in and better implementation outcomes at the local 
level. To that end, it would serve future water planning cycles 
well and would help to address any implementation issues 
that arise to keep the PPAC or a state steering committee and 
RBCs together as that organizational knowledge and those 
relationships will be well established and important moving 
forward.
Even after the RBC process and regional water planning 
process are completed and the state water plan is updated, 
it may take several years to analyze implementation and 
management outcomes within the river basins and at the 
state level. The water plan is required legally to be updated 
every five years. It could take that long after the update to 
determine success of this round of state water planning. 
Another test for this water planning process could be during 
major drought in this region of the country. The research is 
incomplete, as the RBC regional water planning phase and 
update of the state water plan will continue well into the 
future for this water planning cycle.
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appenDix 1: 
StaKeholDer repreSentation type at 8 BaSin  
SurFace water StaKeholDer engagement meetingS
Stakeholder Organizational Type (n = 305) Count Percent (%)
Environmental interest or conservation group 72 23.607
Government 96 31.475
Water utility 62 20.328
Agriculture 23 7.541
Other utility 52 17.049
appenDix 2: 
StaKeholDer repreSentation at grounDwater meetingS: 
inner anD outer coaStal plainS oF Sc
Stakeholder Representation Type (n = 55) Count Percent (%)
Environmental, conservation, or NGO group 
(nongovernmental organization)
12 21.818
Government 15 27.273
Industry or utility 19 34.545
Irrigated uses 4 7.273
Other 5 9.091
appenDix 3: 
StaKeholDer repreSentation oF the water DemanD proJection 
methoDology tac (technical aDviSory committee; n = 110)
Meeting Date Agenda Topic Count Public
Supply
Power Industry Govern-
ment
Consultant
Firms
Legal Golf Agri-
culture
Environmental/
Conservation
Higher 
Ed.
Other
1 8/1/18 Introduction and 
Orientation "Kickoff "
73 17 5 5 22 4 2 2 0 4 10 1
2 8/15/18 Industry/ Manufacturing 
Sector
26 6 1 0 9 1 1 0 1 2 5 0
3 8/29/18 Power Sector 25 3 2 0 9 3 1 0 1 1 5 0
4 10/10/18 Public Supply Sector 28 13 0 1 6 2 1 0 1 1 3 0
5 10/24/18 Agricultural Irrigation 
Sector
36 3 2 0 12 2 0 1 5 0 11 0
6 11/7/18 Golf Course Irrigation 
Sector
13 2 0 0 5 2 0 2 0 0 2 0
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appenDix 4: 
ppac SuBcommitteeS in the South carolina State water planning FrameworK
Subcommittee
1  Process of Designating Members to River Basin Councils
2  Roles and Responsibilities of the River Basin Councils
3  Roles and Responsibilities of the State Agencies
4  Roles and Responsibilities of Outside Contractors
5  Databases and Models that must be Utilized in the Development of Regional Water Plans
6  Council Bylaws
7  Regional Water Plan Format and Table of Contents
8  Public and Stakeholder Notification and Participation
9  Financing of Regional Water Plans
10  Implementation of Regional Water Plans
11  Outline of how the Regional Water Plans fit into the State Water Plan
12  Other Administrative Rules
  –How to Handle Conflict Between Two Basins
  –Metrics of Success
13  Water Demand Projections–Corrective Actions for Shortages/Drought Response
14  Continuing Roles of River Basin Councils
15  Drought Response
